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INVESTIGATION OF ADSORPTION AT HIGH PRESSURES 


B. N. Vasilyev, B. P. Bering, Academician M. M, Dubinin and V. V. Serpinsky 


In order to elucidate a number of fundamental problems of the physical theory of adsorption it is essential 
to perform adsorption experiments over a wide range of temperature and pressure, In the majority of cases 
measurements of physical adsorption are carried out at a single temperature and over a very narrow temperature 
range. For this reason it is not possible to gauge from the experimental results of such investigations the accuracy 
with which a given theory describes the temperature dependence of adsorption, Extension of the temperature 
range of adsorption measurements leads inevitably to the necessity of extending the pressure range accordingly. 
Up to the present very few investigations of this nature have been undertaken because of the considerable diffi- 
culties arising in experiments at high pressures, The most systematic investigations of adsorption of gases at 
high pressures have been described in papers [1-4]. Individual cases have been reported in [5-6] and in other 
contributions, However, the experimental data obtained in the course of most of these investigations did not 
permit of an unequivocal solution of the problems, either on account of low accuracy of measurements or as a 
result of an unsuitable choice of the objects of study. 


In an endeavor to fill in this gap partly we have undertaken a systematic investigation of physical adsorp- 
tion of carbon dioxide on silica gel over a wide temperature range, namely, from —85° to 40°, thus including 
the critical temperature (tcp = 31°), and at pressures ranging from 0 to 85 atm. For this purpose we constructed 
a special apparatus which has been described in detail [7], its characteristic feature being the absence of com- 
pressors and manometers which would normally be required when working at high pressures, Adsorption measure- 
ments were carried out by the volumetric method, the volume of the dead-space being determined with helium. 
All the necessary calculations were carried out using empirical data obtained in the course of investigations of 
the P, V, T-diagram of CO, in a precision meteorological work [8]. Since within the range investigated CO, 
is characterized by considerable deviations from the ideal gas, we have in all the subsequent thermodynamic 
calculations replaced the pressure P by the fugacity f . Using the well-known thermodynamic method (see, for 
example, [9]) we have, therefore, calculated the fugacities of CO, over the range from 0 to 100 atms applying 
the empirical Beattie-Bridgeman equation of state [10] which is at present regarded as the mast accurate one 
for 


The adsorbents used were two samples of silica gel received from the ey of A. V. Kiselev, One of 
these was a fine-pore ae S-340, having a specific surface of S(g_p.7,) = 573 m 2/9 and a soning adsorption 
space of vas = 0.47 cm*/g; the other sample was the large-pore gel E-II (Sp, E.T, = 325m 2/9 and Vg = 
= 1.61 cm*/g). In the case of the S-340 adsorption isotherms were determined at 25, 0,— 20,— 30,— 40,— 50, 
— 60,— 70,— 78 and — 85° over the relative fugacity range (f/f,) from 0 to 1 (at temperatures baht the critical 
point) and over a range of f from 0 to 60 atm for the temperatures of 32 and 40°. In the case of the E-II only 
three isotherms were obtained, namely, at 0,— 40 and 50° for relative fugacities up to f/fg = 1. In all cases 
the reproducibility of the measurements was excellent. 


The adsorption isotherms obtained for the silica gel S-340 are plotted in Fig. 1 in the coordinates of 
log f anda. As the temperature is increased from —85° the curve a (log f) is displaced to the right, and at 
— 60° there appears an adsorption hysteresis loop. This loop becomes mast distinct at — 50°; it becomes 
narrower gradually as the temperature is increased and disappears altogether near the critical temperature, al- 
though it is practically indiscernible already at —20°, In accordance with the theory of capillary condensation 
adsorption hysteresis can occur only within the range over which existence of a liquid phase of the substance 


| 


adsorbed is possible. In our case the normal liquid phase of CO, can exist within the temperature range from 
—56.6° (m. p.) to 31° (crit, temp.). In this respect our experimental results would appear to be in agreement 
with the theory. However, as will be shown below, there are strong reasons to believe that at temperatures be~ 
low —56.6° the adsorbed phase exists in the state of a supercooled liquid. If this is so, then the disappearance 
of the hysteresis loop below —60° cannot be explained by considerations based on the above theory and requires 
further investigation. 


millimoles/g 
15 


Fig. 1 


From our measurements it is possible to calculate the pore volume distribution curves dv/dr = g(r) in 
terms of the pore radius r_ for a range of temperatures, It is clear that in the case of adsorbents with a rigid 
adsorbing network the curve g(r) should be independent of temperature, In Fig. 2 are plotted the curves ¢(r) 
calculated for — 30° (curve 1) and ~50° (curve 2) for the S-340, having taken into account corrections for the 
thickness of the adsorption layer [12] calculated from adsorption isotherms determined for the large-pore silica 
gel E-II, It will be observed that the two curves differ greatly from each other, The maximum of curve 1 is 
displaced along the abscissa by approximately 25% relative to the maximum of curve 2, and at the same time 
the latter curve indicates that the pore volumes of the silica gel are more monodisperse than would appear from 
curve 1. We see, therefore, that in this case the position of the maximum and the shape of the distribution curve 
depend on the temperature. This fact may be an indication of the inapplicability of the Kelvin formula to de- 
scribe liquid menisci having a radius of curvature r 20 A, It is not possible, of course, to determine a priori 
the lower limit for r below which the formula ceases to be valid; this limit can only be found by experiment. 
It would, however, be rash to say on the basis of this single experiment where exactly this limit lies. In order 
to solve this problem further investigations are necessary. 


In the case of the curves in Fig. 1 the adsorption a was calculated as excess adsorption by Gibbs' method. 
It is well-known that at high pressures the quantity a determined by this method may differ considerably from 
the total amount of the substance contained in the adsorption space, Since at f/fs = 1 the entire space Vag 
is filled with the substance, a = ag + Vg5, where ag is the limiting value of adsorption and 56 is the density 
of the gas under these conditions. If V, is taken as the true volume of the adsorption space (determined from 


the limiting sorption of nitrogen), it is easy to find the mean density p, = a/ Vg _ of the adsorbed substance in 
the volume Va. 


In Fig. 3 is plotted the graph of pg as a function of the density p of normal liquid CO, at the same 
temperatures, The values of py, at —20, —30, —40, and —50° exceed the corresponding values of p by 
about 6%, However, as we approach the critical temperature the mean density pag exceeds p by 14 % (at 
25°). This abnormally excessive value of Pg is most readily explained by the high compressibility B near 
the critical temperature (8 = oo), As a result, even a weak field of adsorption forces acting beyond the boundary 
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of the first adsorption layer may cffect a considerable increase in density within the polymolecular layers. 


Fig. 3 


Analysis of the isotherms plotted in Fig. 1 

showed that the experimental data obtained can 
be expressed satisfactorily by the Dubinin-Zaverina 
equation [11] for carbons of the 2nd structural type. 
However, near the critical temperature the characteristic curves calculated from the Polyani theory ( € = 

—RT In h= y (av), where h = f/fs andy is the molar volumeof CO2) were found to depend somewhat on T. 
The curves y (av) calculated for 0 and 25° are 
situated above the single characteristic curve ob- 
tained for the remaining temperatures, This 
position of the curves 7 (av) is apparently caused 
by the said anomalous density Pg near the critical 
temperature (see Fig. 3). If we calculate the 
curves y (av) for the total adsorbed content a 
and for the effective density pa , we obtain a 
single curve for all temperatures, including 0 
and 25°, 


Fig. 2 


In Fig. 4 are plotted the adsorption isosteres 
(coordinates log f and 1/T) constructed with the 
aid of the isotherms of Fig. 1, for values equal to 
1, 2,...,10 millimoles/g. Each of these iso- 
steres consists of two linear portions which inter- 
sect within a narrow temperature range around 
—60°, The dotted line in the upper portion of 
Fig. 4 is the corresponding curve log f » g(1/T) 
for ordinary CO2,. The point of intersection on this 
curve , situated at — 56.6’, corresponds to the 
Fig. 4 melting of solid COg. The difference between the 
slopes of the two linear portions of the curve at A= 
the point of transition from the solid to the liquid 
phase — gives approximately a measure of the heat effect of the transition, — AH°, which is equal to 2.0 keal / 
/mole, Itseems natural to regard the points of inflexion on the adsorption isosteres as an indication of the 
occurrence of a phase transition in the adsorbed substance as well. In fact, if a phase transition similar to 
crystallization were taking place throughout the mass of the adsorbed substance, the heat effect —AH of such 
a process, which would be approximately equal to the difference of the tangents of the angles of slope of the 
isosteres at the transition point (for example, at B) , should increase with increasing adsorption and should approach 
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the value of —AlI° at point A for the ordinary condensed phase of CO. Contrary to this the quantity ~ 4H 
does not increase, but decreases with increasing a , as will be seen at once from Fig. 4. For a = 10 millimoles/g 
the inflexion on the corresponding isostere is hardly observable, 


‘The form of the isosteres in Fig. 4 can easily be explained if it is assumed that the phase transition takes 
place only in the first adsorbed layer, while at temperatures below the transition point the remainder of the 
adsorbed substance exists as a supercooled liquid. 


The phenomenon of phase transition discovered by us appears to be the two dimensional analog of cry- 
stallization and is due to a “freezing out" of consecutive degrees of freedom of the adsorbed molecules. We 
inay mention that inCoolidge's investigation [3] no inflexion of the CO, adsorption isosteres was observed 
under similar conditions, probably because of a lower degree of accuracy of the measurements, 
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KINETIC RELATIONSHIPS DURING IGNITION BY A HOT SURFACE IN 
CONDITIONS OF THE INTERNAL COMBUSTION ENGINE 


A. N. Voinov 
(Presented by Academician N, N. Semenov, November 13, 1956) 


In a recent paper [1] the author has described results of an experimental investigation of ignition of gases 
by a hot surface in an apparatus operating on a single work cycle and closely simulating conditions in the 
internal combustion engine, Certain relationships of the ignition temperatures (T;) to compression tempera- 
tures and pressures(T, and P,) have been established for a number of motor fuels. 


On the basis of the thermodynamic theory of the ignition of gases by a hot surface it appears possible to 
calculate from the experimental relationships Tj = f(T,), at P< *=comst., the corresponding values of the 
apparent energies of activation, while from the relationships T; = F(P,) at Te = const. one could determine 
the order of reactions taking place close to the hot surface at temperatures of 700-900°. In view of the fact 
that data on the mechanism of chemical reactions at such temperatures are extemely scarce the results of our 
investigations may be of considerable interest, the more so because they extend over a comparatively wide 
range of different motor fuels. 


From theoretical considerations Ya. B. Zeldovich has shown [2] that the critical conditions of ignition of 
a gas by a hot surface are determined by the existence of zero gradient of temperature within the reacting gas 
close to that surface. This means that ignition will take place when the hot surface is at a temperature at which 
heat transfer from the reaction zone to adjacent layers of cooler gas will be fully compensated by the heat of 
reactions proceeding within the gas layer close to the hot surface. If it is assumed that for large values of ac- 
tivation energies the thickness, €, of the layer within which the essential part of the reaction takes place, is 
small as compared with the distance, 7, between the hot and the cool surface, and if, consequently, the differ- 
ences between the temperature gradients during and in the absence of reaction are neglected, it is possible to 
establish relationships connecting the ignition temperature, Tj, to the dimensions of the combustion vessel and 
to the temperature, Ty, of its cool walls for a known relation of the rate of reaction to the temperature and 
pressure, W = F(Tj, P). In the case of a plane-parallel chamber of infinite dimensions, and assuming that heat 
loss from the hot surface takes place by conduction alone, this relationship will have the form 


/ XE (Ty; —To® 
2F (T; ,P) RTP’ (1) 


It is clear that the nature of the problem will not change essentially in the case of other types of heat 
transfer, in particular for heat transfer by turbulent pulsations; as before, critical conditions for ignition will 
correspond to zero gradient of temperature near the hot surface. In conditions where the hot surface is swept 
by a turbulent stream of the gas the essential difference in the process would lie in the temperature gradient 
being almost entirely confined to a comparatively narrow boundary layer, while the temperature of the remain- 


ing mass of gas would be practically unaltered, especially in the case where the dimensions of the hot surface 
are small, 


Without entering into the question of the actual structure of the boundary layer let us introduce into our 
considerations the notion of a “reduced film", i. e. let us assume that there exists a certain distance, 6 , between 
the wall at a temperature Tj and the gas at a temperature Ty for which heat transfer by molecular motion, 
determined by the parameter \ (assuming a linear temperature gradient across the film) is equal to the actual 


amount of heat given off by the hot surface and determined by its coefficient of heat conduction q, i. e. we have 
the relation 


from which 


a 


Substituting the latter relation into Formula (1) we have: 


(T; P) RT? 


This expression is a much more general condition of ignition of gases by a hot surface and can be equally 
applied to any other conditions of heat transfer which can be defined in terms of the quantity a*. However, it 
must be borne in mind that the possibility of ignition does by no means depend on the mean value of the coef- 
ficient of heat conduction referred to the total surface area of the body circumflowed by the gas, but by its 
minimum values at localized points on that surface, This circumstance complicates considerably the theoretical 
treatment of the problem of ignition of a gas by a hot body moving relative to it, if one wishes to operate with 
relations between ignition temperature and certain parameters which have a large effect on the conditions of 
heat transfer, such as, for example, the dimensions of a hot spherical pellet shot into the gas, or its speed, as has 
been done by some investigators [3-5]. More complicated still is the problem of ignition of the working sub- 
stance in an internal combustion engine by contact with some overheated parts or with incandescent areas of the 


carbon deposit, when the process is attended by an intensive and extremely erratic turbulent motion of the ex- 
plosive mixture. 


The problem becomes much more simplified if, as has been done in our experiments, the conditions of 
flow of the fuel mixture over the hot surface are kept constant and only its temperature and pressure are varied. 
The generalized relation connecting heat transfer with turbulent flow of gas has the form Nu = CRe", In the 
case of gas flowing round any body whatever situated in the steam, the values of C and p depend both on the 
Reynolds number, Re, referred to the dimensions of the body in question, as well as on the turbulence of the flow. 
In a gas stream with a normal turbulence (close to the walls), for values of 80<Re<5 - 10° (referred to the dimen- 
sions of the body), the index n is equal to 0.46, while for values of 5 - 10°<Re<5. 10“, n= 0.6. The latter 
value is also valid in the case of strong turbulence behind screens. In the case of turbulence of medium intensity 
as in the internal combustion engine — we can, without introducing serious errors, put n = 0.5, 


Ata given rate of revolution of the engine the speed at which the gaseous mixture flows past the hot surface 
may be taken to be constant, i. e. independent of temperature and pressure, and therefore a = CAy-%5, Conse- 
quently, if the reactions taking place obey Arrhenius" law, expression (3) may be written; 


* A similar problem in a more general form has been solved in [3]. 


(2) 

(4) 
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By means of this relation it is possible to calculate the mean values of activation energy and orders of 
reaction making use of the experimental curves Tj = f(T) at P, = const., on the assumption that E does not 
change within the range of variation of T, in question, Since it is not the absolute values of \ and v, but only 
their relative variations with temperature which are of significance in this calculation, we can, without intro- 
ducing any serious errors, substitute these values for the fuel mixture investigated by the corresponding values 
for air, referring them to the temperature of the gas streaming past the hot surface, i. e., to T,. 


In Table 1 are given experimentally determined 
values of Tj corresponding to a series of compression 
Apparent Activation Energies (kcal/ mole) for temperatures T, , for different fuels in stoichiometric 
Different Fuels During Ignition by a Hot Surface ratio with air, at a constant compression pressure Po = 
Within Different Ranges of Compression Temper- = 8.25 atm. abs., as well as the corresponding calculated 
ature; a = 1; Pe = 8.25 atm.abs. Ignition Tem- values of the apparent activation energies E, over the 
peratures Tj at the Limits of the Given Range of intervals of T, investigated. The values of T, and Pc 
Compression Temperatures Are Indicated in are, in this case, largely conditional, because no account 
Brackets has been taken of the heating up of the fuel mixture as a 
result of reactions taking place before the actual ignition. 


TABLE 1 


Range of Tc, *K From the data in Table 1 it will be evident that 
the values of E, are constant at those compression tem - 
peratures at which, under the conditions of experiment, 
the fuel mixture is still far removed from the state in 
1198 ‘i (1180) which it ignites spontaneously, However, as pre-ignition 


550—650 650-725 


Benzene 77 (4180 


(is rer processes begin to develop within the mixture as a result 
Iso-octane 60 (i463) 42 (1430) 


of heating by compression above the known limit, the 
Coal gas 73 (US 73 ({o2 values of E, calculated by means of formula (4) drop 
Aviation petrol | 70 (iS 68 (iii9) sharply. This decrease of E, may be the result of two 
tie 56 (i) 56 tee causes; acceleration of reactions close to the hot surface 
eed rien by active products resulting from pre-ignition oxidation 
Di-isobutylene 37 (i424 = ({083) processes within the bulk of the mixture, and reduction 
Cumene 36 (1152 36 (i008) of the rate of heat transfer resulting from a rise of tem- 
iso- 098 )* 
. Pikes ot fee 10 Her perature of the mixture in the course of these same pre 
ignition oxidation processes, 


Tryptane 


Calculations show that the effect of the latter 

factor on the calculated values of Eg can be very con- 
* In the range 650-680° K. siderable. Thus, in order to obtain at high compression 

temperatures the same value E, = 60 kcal/ mole calculated 
for iso-octane for the range of T, from 550 to 650° K, it is sufficient to assume that the actual temperature of the 
compressed mixture is only 38° above the value used in the calculation on the assumption that any spontaneous 
heating processes are absent, i, e. we may put Tc = 763° K, instead of 725° K. Similarly, if we take it that the 
activation energy of the 50% octane mixture is constant and approximately equal to the activation energy of 
iso-octane, for example, if it is put equal to 50 kcal/mole, then the ignition temperature Tj = 1100° K should 
correspond to a compression temperature T, = 780° K, and not 650° K (as indicated in Table 1), i. e. 130° higher. 
In the case of paraffinic fuels such a spontaneous heating towards the end of the pre-ignition stage of oxidation 
does, in fact, take place, 


In view of the above it can be assumed that the lowering of ignition temperatures observed as the fuel 
mixture approaches the condition of spontaneous ignition by compression is entirely due to the rise in tempera- 
ture during the pre-ignition stages; on the other hand, the lowering of the apparent energies of activation at 
high values of T, must be regarded as entirely ficticious. 


As regards the calculated values of Eq within the range of T, where pre-ignition processes have little 
effect, in the case of such fuels as benzene, iso-octane, coal gas and petrol B-70 (E, = 70-77 kcal/mole) these 
values are considerably higher than those obtained in experiments on ignition by compression [6], or ignition by 
hot bodies [3-5], but they are very close to results obtained in heated containers at temperatures >680°C [7, 8], 
approaching energies at which rupture of the fundamental intramolecular bonds takes place. By contrast, in the 


| 
271 


case of di-isobutylene and cumene the apparent activation energies obtained were considerably lower (36-37 
kcal/ mole) and remained constant at all compression temperatures; there are, therefore, no reasons to assume 


that in this case pre-ignition processes were effective. The literature records no data on the activation energies 
of these hydrocarbons within the temperature range in question. 


TABLE 2 


Orders of Reaction for Different Fuels on Ignition by a Hot Surface; a = 1; 
P, = 4-12 atm.abs., T, = 637-652° K 


Fuel Tj, °K kcal/ mole 


Benzene 1185-1180 Tt 0.1 
Iso-octane 1172-1140 60 0.6 
Di-isobutylene 1150-1060 37 0.8 


Making use of the experimentally determined relations T; = at const. (see (1), Fig. 2) and 
applying formula (4) it is possible to calculate the order of reaction on ignition by a hot surface, taking corre- 
sponding values of E, from Table 1. In both cases only those ranges of Pc and T, are taken into considera- 
tion over which the distorting effects due to spontaneous heating before ignition are absent. 


In Table 2 are shown the orders of reaction for three fuels calculated by this method; the values indicated 
are the mean values for the investigated range of Pc and Tc, and hence also for that of Tj. It will be seen that 
in the case of iso-octane and di-isobutylene the values of n are close to those indicated in the literature and 
obtained, for example, on ignition of fuels by injection into hot air [7]. By contrast, the order of reaction calc - 
ulated for benzene is very nearly zero. This, apparently, is an indication that here heterogenous processes play 
the predominant role, accompanied by a high degree of saturation of the surface, 
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INVESTIGATION OF THE STRUCTURE OF HUMIC ACIDS IN 


BITUMINOUS COALS 


V. I. Kasatochkin and N. K. Larina 
(Presented by Academician P, A, Rebinder, November 24, 1956) 


Investigation of the structure and properties of humic acids is of general interest because it provides a 
means of obtaining information about the chemical structure of the organic matter of bituminous coals, 


TABLE 1 


al 


in percent 


Fromcoal D, oxid.with H,O, 0.31 | 63.81 
FromcoalG, oxid with H,O, | 2-3 0.25 | 64.42 
From coal PZH, oxid with 0.42 | 64.75 
“VromcoalK, oxid. with 0.40 | 65.48 
From coalG, oxid. with HNO, 0.37 | 61.60 


In the present investigation the humic acids were obtained by mild oxidation of Donetz bituminous coals 
D, G, PZh and K with hydrogen peroxide and in the case of coal G also with nitric acid, followed by dissolution 
in 27 sodium hydroxide (see Table 1). The samples were investigated by the following methods: determination 
of the optical density of the alkaline solutions, determination of the precipitation threshold with CaClg, infrared 
absorption spectroscopy and X-ray diffraction. 


In Fig, 1 are shown the results of determinations of the optical densities of alkaline solutions of humic 
acids obtained from bituminous coals of progressive rank, referred to the same carbon content, The positions 
of the optical density curves indicate a continuous adsorption spectrum and can be interpreted in terms of the 
structure of humic acids which is characterized by the linking of aromatic nuclei to aliphatic side chains [1]. 
On this basis the continuous adsorption spectrum can be ascribed to the mobility of the m-electrons within the 
carbon lattice constituting a conjugated system, The optical density increases regularly with rank of coal from 
which the given humic acids have been obtained (5, 6), which is a direct indication of increasing ratio of carbon 
making up the aromatic lattice to carbon contained in the side chains of the humic acid molecules. 


On oxidation of coal G with hydrogen peroxide different yields of humic acids were obtained, namely, 
3.5 and 26.5%, The optical density curves for these samples were found to be identical within the limits of 
experimental error and it can, therefore, be concluded that the nature of the molecules of humic acids is not 
altered in the course of the oxidation process. 


The infrared absorption spectra in the region from 2.8 to 10 4p were obtained with the infrared spectro- 
photometer IKS-11 with LiF and NaCl prisms. Within the region of the C — H valence vibrations there are found 
absorption maxima at 3,42 and 3.50 » which correspond to methylene groups, a maximum at 3.3 4 correspond- 
ing to aromatic CH groups, and also a maximum at 3.38 y corresponding to terminal methyl groups. The intensity 


3.62 | 0.35 | 17.6 
3.50 0.28 18.4 
3.25 0.47 19.9 
3.20 0.46 20.4 
3.14 | 0.44 18.7 
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of the maximum corresponding to aromatic CH groups in the humic acids increases with coal rank [2], just as 
it does in the case of the original coals, which indicates a lowering of the extent of substitution of the aromatic 
nuclei by side chains with progressive rank of coal from which the humic acids have been obtained (Fig. 2). 
Absorption bands appear at 5.9 and 8.0 4 which correspond to vibrations of the C = Oand C —O linkages, 


Transmission 


< 


Fig. 1. Optical densities of humic 
acid solutions obtained from coals 
of progressive rank: a) from a 
weathered coal; b) from coal G 
oxidized with HNO,; c) from coal 
K oxidized with H,O,; d) from coal 
PZh, oxidized with H,O,; e) from 
coal G oxidized with H,O,; f) from 
coal D oxidized with H,O,; g) from 
brown coal, 
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Fig. 2. Infrared absorption curves of humates and 
, humic acids obtained from bituminous coals: a) 
The absorption spectrum of the products ; 
, humic acids obtained from coal PZh oxidized 
of deuterium exchange, obtained by treating 
with H,O,; b) Na-humates from coal PZh; c) 
the humic acids from coal PZh with deuterium 
Ba-humates from coal PZh; d) Ca-humates from 
oxide, DO, reveals a decrease of intensity of 
coal PZh; e) humic acids from coal G, oxidized 
the band at 8.0». The spectra of Na, Ca and 
; with HNOg; f) products of interaction of humates 
Ba humates are characterized by the disappear- 
with HCl; g) product of deuterium exchange 
ance of the absorption bands at 5.9 and 8.04, 
with humic acids from coal PZh; h) mixed Na-Ba 
which is due to the transition of the carboxyl 
. humates obtained from coal PZh. 
group into the ionic form [3]. 


Comparison of the absorption spectra of the deuterated humic acids with those of the humates shows that 


the bands at 5,9 and 8.0 » found in the former ought to be ascribed to the C = O and C— OH linkages in the 
carboxyl groups. 


On treatment of the humates with hydrochloric acid the original spectra of the humic acids are again 
obtained, This is due to the reversibility of the exchange between the hydrogen of the carboxyl groups and the 
metal ions, The fact that the absorption spectra of Ba-humates, precipitated from alkaline solutions of humic 
acids (Fig. 2), are identical with the spectrum of Na-humates indicates that partial substitution of Na-ions by 
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Ba-ions lias taken place with the formation of molecules of mixed Na and Ba humates containing only a small 
proportion of the latter, but sufficient to lower their solubility. 


The infrared absorption spectra of humic acids obtained from coal G by treatment with nitric acid have 
an absorption maximum at 6.55 yp, which corresponds to vibrations in the NO, group. 


Precipitation thresholds were determined by the minimum amount of CaCl, (mg.-equivs.) necessary to 
start precipitation of humic acids from their alkaline solutions, referred to the given percentage of carbon. It 
will be observed that the precipitation threshold decreases regularly with increasing percentage of carbon (Fig. 3) 
(7). 


The interaction of alkaline solutions of humic acids 
ing - equiv/liter with CaCl, may be visualized as an ion-exchange process 
with the formation of complexes of two or more humic 
acid molecules linked through their carboxyl groups by 
the bivalent calcium. As a result the stability of humic 
acid molecules in solution is lowered, thus facilitating 
precipitation of mixed Ca and Na humates [4] with a low 
percentage of calcium. 


As a result of the presence of an excess of the hydro- 
phylic nitro groups the precipitation thresholds of humic 
Fig. 3. Precipitation thresholds of acids obtained by oxidation of coal G with HNO, are found 
humic acids obtained from coals to lie higher than the precipitation thresholds of humic 
different rank. acids obtained by oxidation of the coal with H,Op. 


The observed lowering of the stability of humic acid solutions with progressive coal rank is connected with 
the increasing proportion of carbon organized in aromatic nuclei (resulting from the lowering of the extent of 
substitution by side-chain radicals), and is, consequently, determined by the increasing hydrophobic character 
of the core of the molecules, 


TABLE 2 


Original coal Humic acids 
Material 


0 d 
4'002, 002 
A 


Coal D 

Coal G 

Coal PZh 
Na-humates (PZh) 
Ba-humates (PZh) 


X-ray diffraction diagrams of the coals, humic acids and humates were obtained with filtered Cu-radiation 
in cylindrical cameras having a radius of 45 mm. In Table 2 are shown the mean distance between the planes 
of the carbon lattices, doga» and the angular half-width of the interference band (002), Aboo , which is a mea- 
sure of the ordered arrangerent of the lattices [1]. The interference bands with the indices (100) have the 
same diffuse appearance in the case of all the samples examined, This indicates that the linear dimensions of 
the carbon lattices are small and do not change substantially. 


Comparison of these X-ray diffraction data shows that both the dimensions of the carbon lattices as well 
as their ordered arrangemegt are the same for the humic acids and for the original coals, 


On X-ray diffraction diagrams of Na-humates it is possible to observe a displacement of the (002) band 
towards small angles, This indicates a considerable increase of the interplanar distances between the carbon 
lattices — up to dggg = 6 A — as compared with the corresponding value for humic acids and for the original 


doe, 

A 
3.5 1.5 3.5 1.5 
3.5 1 3.5 1 
3.5 6.5 3.5 6.5 ; 

- - 6.0 6.5 
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coal PZh for which both of dyyo = 3.5 A. In the case of Ba-humates the interference band (002) cannot be 
observed at all, which is an indication of complete disorder in the orientation of the carbon lattices, The in- 
crease of the interplanar distance can be accounted for by additional repulsive electrostatic forces due to peri- 
pheral carboxyl groups present in Na-humates in the fonized form, The disordered arrangement of the carbon 
lattices in Ba-humates {fs due to the formation of rigid links between the carboxyl groups through the barium. 
The observed changes in the interplanar distances and in the degree of orientation of the carbon lattices in Na- 
and Ba-humates are a direct confirmation of the absence of any bonds between these lattices in alkaline solu- 
tions of humic acids and furnish a proof of the true nature of humic acid solutions, 1, e, that the humic acid 
molecules exist as individual carbon lattices with aliphatic side chains, 


The experimental results of this investigation of the structure of humic acids obtained from bituminous 
coals provide a confirmation of the structure proposed earlier [1] which visualizes humic acid molecules as 
consisting of individual plane aromatic carbon-ring lattices to which are attached side chains with various 
oxygen-containing and other functional groups. On this basis the oxidation process of the coal substance may 
be defined as the oxidative destruction of a macromolecule giving rise to the formation of individual structural 
units which can pass into alkaline solutions owing to the presence of carboxyl groups formed in the oxidation 
process. However, a more precise definition of this structure in terms of a structural formula [8] is, in our 
opinion, not possible because the carbon-ring lattices constituting the core of the humic acid molecules have 
a certain distribution according to their dimensions — a distribution also present among the structural units of 
the original coals — and because the functional groups are distributed statistically among the molecules. 


The importance of investigations of the structure of humic acids in relation to the problem of the chemi- 
cal suucture of the organic matter of bituminous coals arises from the fact that the carbon skeleton of humic 
acid molecules fully resembles that of the structural units of the organic matter of coal itself. 


Received October 29, 1956 
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CONCERNING THE CHANGE OF THE ELECTROCHEMICAL ACTIVITY 
OF ZIRCONIUM UNDER THE ACTION OF RADIATION 


I. L. Rozenfeld and E. K. Oshe 


(Presented by Academician A. N, Frumkin, December 30, 1956) 


By irradiating the elements Zr— Al and Zr—Fe in a flowing electrolyte (3% NaCl) with a stream of high 
energy (0.8 Mev) electrons at an intensity of 15 a/cm? there was observed a sharp increase in the current 
of the couples, This current rose immediately after the beginning of irradiation and exceeded the couple current 
prior to irradiation by 15-20 fold, During the further course of the entire experiment (one hour) this current 


changed relatively litte. On completion of irradiation the current sharply fell, almost reaching the initial 
value, 


pa/cm? pa/cm? 
100° 


80} 
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Fig. 1. The change with time of the current strength of the couples 
Zr— Al (1) and Zr~Fe (II) in 3% NaCl: 1) in the absence of radiation, 
at room temperature; 2) in the absence of radiation, at the tempera- 
ture which is established during irradiation; 3) by irradiating the 
anode (Al or Fe, respectively); 4) by irradiating the cathode (Zr); 

the arrow indicates the instant at which irradiation was stopped. 


Experiments in which only the anode or the cathode was subjected to irradiation showed that the effect 
in question is observed only through irradiating the cathode (Zr), This effect is not produced on irradiation of 
the anode (Al or Fe). The results of these experiments are represented by the Curves 3 and 4 in Fig. 1. For 
comparison there are also presented curves showing the time dependence of the current strength of the elements, 


| 
| 600 


in the absence of radiation, at room temperature (Fig. 1, Curve 1) and at that temperature which is produced 


at the metal-electrolyte boundary surface as a result of the absorption of the energy of radiation (Fig. 1, Curve 
2). 


Electrodes which had served as anodes in experiments involving irradiation were subjected to much more 
extensive disintegration than was the case in experiments under these same conditions but in the absence of 
radiation, In Figure 2 are presented photographs of the surface of aluminum electrodes which had served as 
anodes in combination with zirconium electrodes under irradiation and in the absence of the latter (the duration 
of the experiments was 1 hour under identical conditions), 


It is impossible to explain the observed effect as the result of the action of any of those factors which 
have so far been advanced as the principle accelerators of the electrode processes under irradiation, The in- 
fluence of temperature was studied in control experiments, It proved to be insignificant (Fig. 1, Curve 2). 
Long-lived products of radioactive disintegration also could not be classed among the principle stimulators 
since their stationary concentration could not have exceeded 0,001 N. This is also shown by the sharp decrease 
in the current strength on completion of irradiation. Anodic polarization because of electrons which were 
absorbed by the electrodes did not exceed 7-8 y a/cm? whereas in the experiment the current of the element 
under irradiation rose to 800 uy a/cm? (the pair Zr- Al), 


Fig. 2. View of the surface of aluminum electrodes which had served 
in couples with zirconium in 3% NaCl: a) in the absence of radiation 
at room temperature, b) under irradiation of the zirconium cathode. 


It seems to us to be possible to explain the change of the electrochemical activity of the zirconium 
electrode under irradiation in terms of those alterations in the physical properties of the oxide film on the 
zirconium cathode which can be brought about by radiation. The majority of oxide films are typical semi- 
conductors. The latter, as is known, possess the characteristic property of being extremely sensitive in their 
electrical properties to all sorts of external influences, Thus, irradiation produces, in most cases, a sharp in- 
crease of the electrical conductivity of semiconductors, This comes about through the transfer of electrons out 
of the filled zone, or from additive levels, into the conducting zone, at the expense of the radiational energy 
which is absorbed in the semiconductor, If in our experiment the oxide film on the cathode (ZrO,) is con- 
sidered as a semiconductor, then under the action of radiation the electrical resistance of this film decreases 
because of "radiational conductivity."* If account is taken of the fact that the current strength of an element 
is determined by the rate of the cathodic reaction of oxygen reduction and if it is admitted that this latter is 


That conductivity which is brought about by the action of either electromagnetic or corpuscular radiation 


we designate as radiational conductivity in analogy with photoconductivity which results from the action of 
light. 
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limited by the high resistance of the semiconducting film upon the cathode, then irradiation, leading to the 
appearance of radiational conductivity in the film, must accelerate this cathode reaction and lead to a sharp 
increase in the current strength of the element, 


At the same time, if we accept the proposed mechanism, it is impossible to expect that irradiation of 
the anode could lead to an observable increase of the current strength of the element; this is confirmed by 
e\periment, 


Radiational conductivity in a semi-conductor arises directly after initiation of irradiation and disappears 
on completion of the latter, ‘Tiis assures a rapid growth of the current strength at the beginning of irradiation 
and a sharp decrease on its completion. 


The relationship between the current strength of a couple and the intensity of radiation was studied 
theoretically and experimentally, If it is supposed that the basic source of free electrons is the filled zone, 
then proceeding from the elementary conceptions of the photoconductivity of semiconductors, the change in 
the concentration of the free electrons in the conducting zone can be expressed in the following form: 


d 
= ol — kent, (1) 


where a is the quantum yield, I is the intensity of radiation, k is the coefficient of recombination, and n 
is the concentration of electrons in the conducting zone, Under stationary conditions (1) takes the form: 


al = kn?. (2) 
The left part of this equation represents the number of electrons which are liberated under radiation of 
intensity I; the right part is the number of electrons which are returning into the filled zone. 


The strength of the current flowing through the irradiated semiconductor located between the electrodes 
is expressed in the following form: 


i =2 neu od S, 


(3) 


where AV is the difference of potential between the electrodes, S_ is the area of the electrodes, d is the 
thickness of the semiconductor, n is the concentration of the current carriers of givensign, u is the mobility 
of the latter and e¢ is the charge of the carriers, Taking (2) and (3) into account, we obtain: 


2AVScu 


If it is considered that the increase of the current strength of a couple under irradiation is determined principally 
by the radiational conductivity in the semiconducting oxide film, then, designating the constant quantities 
which enter into (4) by A, we obtain the following relationship between the current strength of the couple and 
the intensity of radiation 


Jn= AVI, 


where J k is the current strength of the couple in the absence of radiation and I is the intensity of radiation. 


In Fig, 3 there are shown curves giving the relation between the current strength of the Zr— Al couple 
and the intensity of radiation, these having been obtained by calculation * (Curve 1) and experimentally (Curve 2), 


° The magnitude of the constant k is found from experimental data on the relation between J, and I 


at a single value of the quantity I, 
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Fig. 3. The relation between the current strength of 
the couple Zr—Al in 3% NaCl and the intensity of 
the electron radiation: 1) calculated curve; 2) 
experimental curve, 
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It follows from these graphs that at relatively 
low intensity of radiation there is a satisfactory 
agreement between the theoretical and ex- 
perimental curves, The departure of the ex- 
perimental curve from the calculated at 
higher intensities is obviously due to the pre- 
sence of anodic polarization, which was not 
taken into account in the calculations, 


In conclusion, it should be noted that 
the question as to the influence of short-lived 
disintegration products remains open. Further 
investigation must show whether it is possible 
to completely ascribe the increase in the 
electrochemical activity of the zirconium 
cathode under irradiation to the enhanced 
conductivity of the semiconductive film or 
whether it is necessary to also take into 
account the depolarizing action of short-lived 
radicals. 


Received December 14, 1956. 
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THE PROPERTIES OF PLASTIC MASSES FILLED WITH GRAPHITE AND THE 
EPFECT OF HIGH FILLING* 


B. L. Tsetlin, L. P. Yanova, G. K. Sibirskaya and 


Academician P. A. Rebinder 


As is known, the properties of the various materials based on high molecular compounds can be essentially 
improved by the introduction of active fillers. The action of such active fillers is brought about by the influence 
of the surface of their particles on the development of structure in the filled organic medium. It has been shown 
in a series of investigations [1-5] that in those cases where a space structure can develop in this medium (a 
coagulation net), the particles of the active filler serve as centers of development for such structure, giving 
rise to an increase of its durability (strengthening). This also determines the strengthening action of active 
fillers in such systems as rubbers treated with bitumen,etc, 


We have investigated the influence of graphite as an active filler in a series of systems, more precisely 
in the systems graphite-bakelite resin and graphite-polyvinyl chloride. Systems of this kind have great practical 
significance in connection with the problem of obtaining stable thermally conducting materials for the pre- 
paration of chemical heat-exchange apparatus. The earlier known plastic materials with graphite fillers (of 
the types "grafolit” and “faolit T"), containing 50-60 weight percent of filler, do not possess adequate mechanical 
strength and their thermal conductivity does not exceed 3-5 x 107° cal/cm «sec -deg [6]. 


In investigating the character of the change of the properties of materials filled with graphite over a wide 
interval of compositions, we have started from the supposition that on approaching the limiting resin capacity, 
when practically all of the resin goes into the form of a fully structured film on the surface of the filler particles 
and produces a sturdy coagulation net of these particles which interact through the thin residual layers of the 
filled medium, there must be observed a sharp increase in the strength of the material as well as its other 
characteristics, 


For their subsequent investigation, samples of given composition were obtained in the following way. A 
calculated quantity of powdered graphite** was mixed with the corresponding quantity of resin solution: in 
the case of the phenolformaldehyde resin, ethyl alcohol served as the solvent (there was taken bakelite lac 
No, 21); in the case of polyvinyl chloride, dichloroethane. The resulting paste was dried to complete removal 
of the solvent, The necessary samples were prepared from the powders produced in this way by pressing them 
in closed press~forms with electrical heating and under conditions which were uniform for each system. 


There were investigated the mechanical strength, the thermal stability and the thermal conductivity, i.e., 
those properties which are the most important ones from the point of view of the practical problem at hand, In 


This work was carried out in the Institute of Physical Chemistry of the Academy of Sciences of the USSR 
in 1949 and 1950; its results were outlined in Institute Reports Nos. 191 (June, 1950) and 454 (July, 1951), 


In the experiments which are described here there was employed a graphite from the Botogolski region 
which is used as a raw material in the preparation of lead pencils, 
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the case of the graphite-bakelite systems the mechanical strength was evaluated from experiment on mono- 
axial compression of sainples 10°10+3 mm at 20 and 120°; in the case of systems with polyvinyl chloride the 
strength was evaluated from experiments on the penetration of a cylinder of small diameter (2 mm). As an 
arbitrary measure of the strength there was taken in this case the pressure under which there occurred either 
shearing, for the highly filled, brittle samples, or observable plastic flow, for the relatively low filled plastic 
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Fig. 1. The influence of composition on the 

properties of samples from the graphite-bakelite 
system: 1 and 2) mechanical strength at 20° 0 
(1) and at 120°(2), 3) thermal conductivity, 0 2 @ 6 8 0% 
4) thermal stability . 


Graphite content 


samples, Evaluation of the relative thermal 
stability was carried out from the thermo- 
mechanical curves [7] by determining that 
temperature at which the deformation of the 
sample reached a certain arbitrary magnitude 
under a fixed load which was continually 
acting in the course of the experiment; the thermo-mechanical curves were obtained with the aid of the 
apparatus of [8] under a constant heating rate of 50° per hour; this deformation regime meets the conditions 
for penetration of cylinders of small diameter: in the case of graphite-bakelite compositions the diameter 
of the cylinder was equal to 0.9 mm with a load of 7 kg; in the case of graphite-polyvinyl chloride composi- 
tions the diameter amounted to 5 mm with a load of 5 kg. The thermal conductivity of most samples was in- 
vestigated by the comparative method of Christiansen; the thermal conductivity of highly filled graphite- 
bakelite samples were measured by an absolute method* ; for samples of intermediate composition data ob- 
tained by the two methods were in satisfactory agreement. 


Fig. 2. The influence of composition on the 
properties of samples from the graphite~polyvinyl 
chloride system: 1) mechanical strength at 20°, 
2) thermal conductivity, 3) thermal stability. 


The results of investigation are presented in Figs, 1 and 2 in the form of curves showing the relationship 
between the properties of the experimental samples and their content of the filler. Consideration of these 
results shows that all of the investigated properties actually undergo a sharp rise on passage from samples with 


These determinations were performed in the Institute of General and Inorganic Chemistry of the Academy 
of Sciences of the USSR in the laboratory of N, N, Sirot, to whom the authors express their thanks, 
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relatively low filling (containing less than 70 weight percent, i.e., less than, say, 60 volume percent) over to 
highly filled samples. Thus, the thermal conductivity, which shows a steady increase over the entire interval 
of composition, experiences a sharp rise on passage to samples which contain 75-80 weight percent of filler, 
reaching a value of about 0.1 cal/em-sec-deg, at a content of 80-85 weight percent of graphite, this corre- 
sponding approximately to the thermal conductivity of lead. 


Special interest attaches to the new relation which is expressed in the peculiar course of the mechanical 
strength curve, although there is a certain difference here between the two investigated systems. For graphite- 
bakelite samples the strength of the material falls on the introduction of graphite up to 50-60 weight percent, 
but on going over to specimens containing 75-80 weight percent of graphite there is noted a considerable 
strengthening of the material, which is especially great in experiments carried out at elevated temperature; 
further increase in the content of the filler (up to 90-95 weight percent) once more leads to a rapid diminution 
of the strength. In the graphite-polyvinyl chloride system, with an increase in the content of the filler the 
strength of the material increases throughout the entire composition range, although even here the transition to 
highly filled specimens is marked out by an abrupt strengthening, and, after passage through a maximum in the 
region of approximately 80 weight percent content of graphite, the strength, as in the first case, rapidly falls. 
The thermal stability shows the same trend in both cases; after relatively slowly increasing in the region of low 
filled samples, its magnitude undergoes a sharp elevation with transition to highly filled specimens. 


Thus, the experimental data shows that a narrow range of compositions, which is obviously close to the 
maximum resin capacity (i.e., for the studied systems, at graphite contents around 80 weight percent or 70 
volume percent), is characterized by an optimum of the most important properties of the material. This 
phenomenon has been designated by us as the “effect of high filling.” The sharp increase in the thermal con- 
ductivity on transition to highly filled specimens is obviously brought about by the disappearance in the narrow 
region of limiting resin capacity of the thick layers of organic binder which separate the particles of the highly 
thermally conductive filler, The maximum on the mechanical strength curves is determined by the fact that 
in the optimum region of highly filled compositions all of the resin which is present in the composition is 
maximally structured by the surface action of the grains of graphite.* The decrease in the strength of speci- 
mens in the graphite-bakelite system which is brought about by the introduction of relatively small quantities 
of graphite results, in all likelihood, from the appearance of inhomogeneities in the material and, at the same 
time, from the presence of additional dangerous positions of overstrain and of "nuclei" of disintegration, The 
formation of structure in the resin under the influence of the filler still does not play a pronounced role, since 
the layers of resin which separate the particles of the filler have a considerable thickness and a coagulation 
structure has not yet formed from the particles of filler; in addition the strength of the bakelite resin is so great 
at ordinary temperatures that a small number of regions tending to produce structure in it would not reflect on 
the strength of the material as a whole. The steady increase of strength over the regions of low filled graphite- 
polyvinyl chloride samples indicate that a more uniform system is obtained here wherein the effect of structure 
formation immediately acquires a great role which, even by itself, has great significance in the case of poly- 
meric resins of linear structure; it is possible that a certain role is also played by the traces of solvent which 
are difficultly separated through drying. 


From the point of view of the ideas which have been developed here there is also to be understood the 
course of the curves of thermal stability, the study of which shows that the strengthening effect is brought out 
more strongly at higher temperatures. 


Of course, it should be kept in view that the characteristics of the highly filled system must in a great 
measure be determined not only by the absorptive-structural forming action of the filler, but also by the "volume” 
properties of the starting components= the resin and the graphite. In particular, the nature and the dispersion 
of the graphite can be reflected in the character of the effect of high filling. It is possible that in this effect a 
definite role is played by the friction between those particles of the filler which are in contact with one another. 


. From the relaxational character of the process of rupture of polymeric materials it follows that structural 


formation in them under the action of active fillers will not be reflected in strength in relation to rapidly 
applied loads (shock); for this reason highly filled compositions possess relatively low stability to shock, 
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The investigations which have been carried out in our laboratory on systems based on polystyrol and 
polyethylene filled with graphite confirm the fact that the effect of high filling has general significance for 
such systems. 


Technological investigations performed on the background of this work have led to the preparation of 
materials highly filled with graphite, or graphitic plastics, which are already in use in the chemical industry 
as thermal conducting plastic masses. 
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DETERMINATION OF THE OXIDATION-REDUC TION 


POTENTIALS OF p-HYDROXYPHENYLGLYCINE 


Ya. M. Veprik and G, P, Faerman 


(Presented by Academician A, N, Tereninyi, September 20, 1956) 


There is still no universally accepted explanation of the mechanism and rules of the process of photo- 
graphic development, One explanation, the so-called *electrochemical" theory of development, in contrast 
to other theories, is not only qualitative, but, in principle, it also admits of quantitative confirmation [1], For 
such confirmation, it is necessary to know the electrochemical potentials of the silver particles of a developable 


Fig, 1, Reaction vessel; 1) saturated calomel 
electrode; 2) buret; 3) microburet; 4) inlet 
for purified nitrogen; 5) platinum electrode; 
6) stirrer with liquid seal; 7) gas vent, 


photographic image and the oxidation-reduction 
potentials of the developing agents at different 
pH values and in the presence of the other com- 
ponents of the developer, 


Measurement of the oxidation-reduction 
potentials of the developing agents is very 
difficult owing to the ease of oxidation of 
these substances and the instability of the oxida- 
tion products, As a result, it is impossible to 
use the “method of mixtures” [2, 3], and 
methods based on titration with oxidizing agents 
[4] are applicable only under conditions such 
that the titration is carried out in an atmosphere 
of inert gas containing the least amount of 
oxygen, Therefore, the amount of data avail- 
able in the literature on the oxidation-reduction 
potentials of developing agents at various pH 
values is very limited, More complete data 
are available for paminophenol, methyl-p- 
aminophenol (metol), and hydroquinone [5-9], 
Data are available for several substances over 
limited pH ranges [8]. 


We set as our goal the experimental de- 


termination of the oxidation-reduction potentials of p-hydroxyphenylglycine ("glycine") at various pH values, 
The selection of this material was dictated by the fact that it is used in photographic applications and is the 
structural analog of the well-studied metol and p-aminophenol, and, therefore, the data obtained could be used 


for comparison, 


The measurements were carried out by oxidation titration of 0.03 M solutions of p-hydroxyphenylglycine 
in an atmosphere of nitrogen, carefully purified from oxygen and other impurities, and using a polished platinum 
electrode, A description of the method of nitrogen purification and of the control method is given in detail in 
[10], The solution to be titrated was placed in the reaction cell (see Fig. 1) which was then placed in a 
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thermostated water bath at a temperature of 25°, The potentials were measured against a saturated calomel 
electrode, The p-hydroxyphenylglycine was carefully purified, Constant pH was assured by the presence in 
the titration mixture of salts forming buffer systems, A mixture of HCl, KCl, and potassium hydrogen phthalate 
was used ata pH of from 1 to 6; at a pH of from 6 to 11, a mixture of borax, HCl, and NaOH was used [11], 
Measurement of the pH was carried out with a glass electrode, No pH variation was noticed during the process 
of titration, In an acid medium, a solution of Ce (SQ), was used as the oxidizing agent, while a solution of 
Kg [Fe (CN) was used in an alkaline medium, 


During experiments on the titration of p-hydroxyphenylglycine in acid medium, it was observed that 
there were two potential surges on the titration curve; the first corresponded to two oxidation equivalents of 
cerium (IV) sulfate, and the second, more significant, one corresponded to four equivalents of cerium (IV) 
sulfate per mole of p-hydroxyphenylglycine, Only one potential surge, corresponding to four equivalents of 
cerium (IV) sulfate per mole of p-hydroxyphenylglycine, was observed during the back titration, This is ex- 
plained by the fact that, under these conditions, the oxidation reaction proceeds in the presence of an excess 
of oxidizing agent, Only one potential surge, corresponding to four equivalents of Kg [Fe(CN)g¢] per mole of 
p-hydroxyphenylglycine, was observed during either the direct or the back titration in alkaline medium, 


Special experiments established that, both in the first and in the second stage of oxidation, the oxidized 
form remains in the solution without change for some time, and the oxidation reaction proceeds reversibly. 
There is basis to assume that the oxidation of p-hydroxyphenylglycine in acid medium proceeds according to: 
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The over-all equation can be written as: 


OH 
4Ce (SO4)a H,O 
\ 
NH — CH, — COOH 


+ (SO4)s + 2H2SO,g 


x —CH,— COOH 


TABLE 1 


pli 1.04 1.97 2.96 4.03 4.98 6.96 8.02 9,04 9.98 10.9 
E,,.in mv 670.0 616.0 999.0 499.0 439.0 323.0 267.0 209.0 164.0 116.0 


The values obtained for the oxidation-reduction potential of p-hydroxyphenylglycine at various pl values 
are presented in Table 1 and Fig, 2, where, in addition to the curve of E, = f(pH) for p-hydroxyphenylglycine, 
are presented curves for p-aminophenol and metol, The values presented for Ey, were obtained from potentio- 


23 


D (in scale units) 


60 min 


Fig. 3, Variation in rate of reduction of 
silver nitrate; 1) p-hydroxyphenylglycine; 
2) metol; 3) p-aminophenol, 


metric titration curves for p-hydroxypheny!- 


Fig, 2. Variation in E, with pl for p-hydroxy- 


phenylglycine during removal of 4e (1), during to the point ——“— = 1 under conditions 


[Red] 
removal of 2e (4), metol (2), and p-amino- . 
phenol (3). such that 1 mole of p-hydroxyphenylglycine 


consumes four equivalents of oxidizing agent, 
From Fig, 2 it is seen that the relationship 

En = f(pH) for p-hydroxyphenylglycine is a straight line without breaks in the pH interval of 1.0 to 9,0, This 
means that the dissociation constant of p-hydroxyphenylglycine as a base is significantly less than that as an 
acid, The values of these constants could not be determined from the curves of E, = f(pH) in this case, Also, 
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they could not be determined by the usual methods, since the oxidized form of p-hydroxyphenylglycine could 
not be isolated in the pure state, Therefore, we were unable to express the relationship analytically, as was 
done by Fieser [5] and Bogdanov [6, 7] for p-aminophenol and metol, 


Comparison of the curves E, = f(pH) for p-hydroxyphenylglycine, metol, and p-aminophenol shows that 


Ey is more negative for p-hydroxyphenylglycine than for metol and p-aminophenol in acid medium, and that 
it is more positive in alkaline medium, 


We observed that the reduction of AgNOs by p-hydroxyphenylglycine in acid medium proceeded more 
rapidly than the reduction of AgNO, by metol and p-aminophenol (Fig, 3), From photographic practice it is 
known that alkaline glycine developer works more slowly than p-aminophenol and metol, These facts are 
readily explained by the relationship, noted above, of the values of the E, potentials of these substances at 
various pH values, Thus, in the experiments was observed precisely that relationship of reaction rates for the 
reduction of silver ions as would be expected on the basis of the electrochemical theory of development, 
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INVESTIGATION, BY THE CHARGING CURVE METHOD, OF THE 
NATURE OF LOCAL PASSIVITY DURING ELECTROLYTIC 
POLISHING OF COPPER 


G. S. Vozdvizhensky and A, I, Turashev 


(Presented by Academician A, N, Frumkin, December 4, 1956) 


A specific peculiarity of the process of electrolytic metal polishing is local passivity of the anode, 
Ideas on the nature of this effect remain the subject of discussions, Many of the existing theories of electrolytic 
metal polishing connect the mechanism of the process with the possibility of the formation of oxide films on 
isolated parts of the surface being treated, However, the very question of the existence of oxide films on the 
surface of the anode during the process of electrolytic polishing has not been decided, Some investigators con- 
sider that oxide films are formed and play an important role in the electrolytic polishing of metals [1-7]; 


others, having studied the condition of the electropolished surface, consider that it consists of the pure metal 
[8-11]. 


The problem of the present investigation was to investigate the formation of oxide films on a copper 
surface during electrolytic polishing in phosphoric acid solution, the investigation being carried out by the 
method of anode charging curves (anode polarization curves) using oscillographic recording, In the present 
case, the polarization curves had to be recorded at the high current densities at which the electrolytic polishing 
process is carried out, This circumstance forced us to judge the nature and properties of the layers formed on 
the anode surface, not by the magnitude of the corresponding potentials, but by the character of the effect of 
various factors on the anode polarization curve (current density, acid concentration, various additives, initial 
state of the surface), It is obvious that a charging curve obtained under the electrolytic polishing regime must 
have a specific form, A variation in factors having a known effect on the anode process must lead to a change 
in the character of the anode polarization curve. 


EXPERIMENTAL 


The anode polarization curves were recorded by means of an apparatus based on that proposed by A, 
Hickling [12], In Fig, 1 is presented the polarization curve for a copper electrode, taken at a current density 
of 12,5 amp/dm? in a phosphoric acid solution of 1,55 sp. gr. 


The first stage (ab), during which time the potential changed insignificantly from + 0.48 to + 0,52 volts, 
had the longest duration, The second stage (bc), in the potential interval + 0.52 to + 0.70 volts, was characterized 
by a more rapid change in potential, which changed into a jump (cd , from + 0,70 to + 0.88 volts), Owing to 
this jump, there was a pause in potential increase (third stage, de ), after which again began a more rapid rise 
in potential up to the liberation of oxygen (stage fg at a potential of + 1,75 volts), 


Prior to the liberation of oxygen, electrolytic polishing is possible in all stages except the first, Thus, 


the minimum potential at which electrolytic polishing of copper is possible lies in the region of the second 
stage on the charging curve, 


Fig. 1 


With the aim of clarifying the nature of the first stage, experiments were carried out in which anode 
polarization curves were taken at various current densities and in phosphoric acid solutions of different con- 
centrations (sp, gf, 1.55, 1.59, and 1.77), 


It was established that, for each phos- 
phoric acid solution investigated, the product 
of the current density, i and the ‘/, power 
of the duration of the first stage, t, isa 
constant, An analogous relationship was es- 
tablished by the investigations of Edwards [13], 


1 

Constancy of the product it hr indicates that 
the limiting process of this stage is diffusion 
(14]. 


Furthermore, the more rapid increase 
in anode potential (stage be ) can be explained 
by electrolytic oxidation of the anode surface, 
The change in anode potential in the first 
stage was sufficient for initiation of the process 
of oxidation of the surface of the copper to 
cuprous oxide, The cuprous oxide formed led 


to the discontinuous change of anode potential to a value at which the formation of cupric oxide was possible, 


as expressed by the voltage pause on the polarization curve, 


This finds confirmation in the anode polarization curves taken in the presence of various additives 
(glycerin, potassium hypophosphite, chromium trioxide) and on surfaces of different structures, 


The addition of glycerin, which basically acts through an increase in the viscosity of the electrolyte, 
caused a decrease in the duration of the first stage, The addition of potassium hypophosphite, which is an 


Fig, 2 


energetic reducing agent, increased the dura- 
tion of the second stage by a factor of two, 
This indicates that the potassium hypophosphite 
reduces the electrochemically formed cuprous 
oxide, acting, thereby, as a depolarizer. 


In Fig, 2 is presented an anode polariza- 
tion curve for a copper electrode in HyPO, 
(d = 1.5) with the addition of 6% CrO,, A 
characteristic peculiarity of polarization curves 
obtained in the presence of CrO3 is a dis- 
continuous change of potential at the beginning 
of anode polarization, which is caused by the 
formation of an oxide film on the surface of 
the electrode prior to superimposing the current, 
After the discontinuous change at the beginning 
of polarization, the potential falls to a value 
corresponding to the third stage in a solution 


of pure phosphoric acid, This permits us to assume that the third stage on the polarization curve obtained with 
a solution of pure phosphoric acid corresponds to the process of oxidation of cuprous oxide to cupric oxide, 


With the addition of CrOy in amounts of 1, 2, 4, 6, and 8%, cuprous oxide is apparently formed on the 
surface of the copper electrode, since the static potential does not exceed the value of the potential in the 
region of the second stage, With the addition of CrOg, in amounts of 10 and 20%, the static potential in time 
reaches the value of the potential of the third stage owing to the conversion of cuprous to cupric oxide. 


Polarization curves obtained with surfaces which had been preliminarily electrolytically oxidized to 


cuprous and cupric oxides [15, 16] also confirm the idea of the formation of oxide layers during the process of 


electrolytic polishing of copper in phosphoric acid, 
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Preliminary oxidation of the surface to cuprous oxide makes the pause on the polarization curve (third 
staye) more definite and longer, and oxidation to cupric oxide makes the curve almost vertical, 


Polarization curves during electrolytic polishing of the galvanized scrap from sulfuric acid and pyro- 
phosphate copper plating baths indicate the different electrochemical activity of these residues as expressed 
by the different durations of the individual stages on the polarization curve, Apparently, oxide films of 
identical chemical composition have different protective actions owing to their different thicknesses, The 
kinetics of the growth of a film is determined by the crystalline structure of the treated surface [17]. 
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ON THE RELATIONSUILP OF VISCOSITY COEFFICIENT TO THE STRUCTURE 
OF A SUBSTANCE IN THE LIQUID STATE 


A. Z. Golik and D., N. Karlikov 


(Presented by Academician G, V, Kurdyumov, November 12, 1956) 


The connection between the coefficient of viscosity and other physical properties and, first and foremost, 
the structure of a substance in the liquid state is of great interest both in the development of the theory of the 
liquid state and, particularly, viscosity, and in the practice of physicochemical analysis, However, this connection 
has not been established up to the present time 
both as a consequence of the absence of the 
necessary information on the structure of 
liquids and as a consequence of insufficient 
study of their physical properties, 


poises 


We attempted to surmount the difficulties 
! — arising along the road to a clarification of the 


connection of viscosity with the structure and 
physical properties of liquids by a rational 
selection of other structure-sensitive properties 
as objects of investigation and study simul- 
taneously with viscosity, These materials for 
investigation were selected on the basis of 
similarity of their molecular structures, Den- 
sity, viscosity, heat of vaporization, molecular 
dispersion, and critical temperature were 
studied in a broad temperature interval, It 
Fig. 1, Temperature dependence of the viscosity of was shown that curves showing the dependence 
solutions of Zn and Cd in Hg, 1) 30,.8%Cd and 21% of viscosity and of heat of vaporization on 

Zn; 2) 16% Zn; 3) 22%Cd; 4) 18%Cd and 12% temperature were located higher, and similar 
Zn; 5) 13,.9%Cd and 8.7% Zn; 6) 7.3%Cd; curves of compressibility were lower, the higher 
1) 6.1% Cd; 8) Hg. the critical temperature of the given substance 
(1). 


We have also shown that the relationship of viscosity and of other structure-sensitive properties to critical 
temperature is a consequence of the periodic law of D, 1, Mendeleev [2], The density, viscosity, heat of 
vaporization, and critical temperature of molecularly mixing solutions, the components of which possess similar 
molecular structures, have also been studied, It was shown that viscosity-temperature curves for these solutions 
fall between the curves for the individual components and are higher, the higher the (pseudo) critical tempera- 
ture of the given solution, With equality of critical temperatures of two or several solutions of this group, com- 
plete coincidence of the temperature-viscosity curves is observed, We have named such liquids isoviscous, We 


resolved to use isoviscous liquids in establishing the connection between viscosity coefficient and molecular 
structure, 
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We used, in the investigation, solutions of zinc and cadmium in mercury, the structure, viscosity, and 
density of which were studied by us previously [3-5], These solutions belong to the molecularly mixing type, 
and their components possess similar structures; in 
Fig. 1 is presented the dependence of viscosity on 
temperature for several of these solutions, 


The following solutions are isoviscous; 13.9% 
cadmium in mercury and 8,7% zinc in mercury; 18% 
cadmium in mercury and 12% zinc in mercury; 30.8% 
cadmium in mercury and 21% zinc in mercury (all 
percents are atomic), The structure of these solutions 
was studied, 


The source of the X-rays was a BCV-4 tube with 
a copper anti-cathode, Monochromatization of the 
X-rays was achieved by reflection of the rays from a 
curved quartz crystal, The distribution of the intensity 

of the diffracted X-rays was investigated photographically, 
The temperature of the metal was determined by means 


i of a chromelalumel thermocouple, Photometric evalua- 
\ tion was carried out with a type MF-4 microphotometer, 
| Ny Not less than three photographs suitable for calculation 
purposes was obtained for each solution, 


sind! After elimination of polarization and absorption 
factors, the experimental intensity curves were reduced 
to electronic units, Equating of the following integral 
Fig. 2, Curves showing the intensity of diffracted to zero served as a criterion of accurate reduction: 
X-rays, Isoviscous solutions in Hg: 1) 30.8% 
Cd and 21% Zn; 2) 18%Cd, 12% Zn; 3) 13.9% Se 
Cd and 8.7% Zn, \ s?[i’ (s) — 1] ds = 0, 


0 


where 


sin d 
i’ (s) = 
nels 


I is the intensity of the scattered radiation; f,; and f, are atomic factors for, respectively, atoms of the first 
and second kinds; ny and ng are concentrations of atoms of the first and second kinds, 


The experimental intensity curves in electronic units for the above-mentioned isoviscous solutions are 


presented in Fig, 2. As seen from the figure, curves showing the variation in intensity with sin 9/) for iso- 
viscous solutions are superimposed one on the other, 


in Table 1 are presented data on the positions of the maxima on these curves, 


The atomic distribution functions were determined from the equation [8] 


(1) + (2) 4- = 


= Arr? -+ + i(s) sin srds, (1) 
0 


where 


G= (fi /felay = (fe/filay ny = N,/N, ng = N=N,+N,y 
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TABLE 1 p4(1) = NyW,(1)/V_ is the radial density function of 
atoms of the first kind when an atom of this kind is 
found at the coordinate origin; pz (2) = N2W,(2)/V 
is the radial density function of atoms of the second 
type when an atom of the second type is found at the 
coordinate origin; 


Substance 


(*) 0.525 

13 9% Cd inHg 0.530 

18% Cd 0.538 = 

30.8% Cd inHe 0.540 

Cd (*) 3 0.550 

eet = bets ripe N, and Ng are the amounts of atoms of the correspond- 
210 an in He 37: eis ing type; V is the scattering volume; W,(1) and 
Zn (7) : W, (2) are radial probability functions for atoms of 

the first and second kinds; ps and p} are the average 


densities of atoms of the first and second kinds, 


The integral in Equation (1) was evaluated by the method given in [9], 


In Figs, 3 and 4 are presented the atomic distribution curves, obtained by the described method, for 
isoviscous solutions, 


Fig, 3, Atomic distribution curves for solutions Fig. 4, Atomic distribution curves for solutions 
of Cdin Hg: 1) 30,8%Cd; 2) 18%Cd; of Znin Hg: 1) 21% Zn; 2) 12% Zn; 3) 

3) 13.9%Cd; G(r) = [chnypy (1) + 8.7% Zn, 

+ (2) + 2nyp2(1)]. 


Analysis of the atomic distribution curves for the isoviscous solutions, just as analysis of the intensity 
curves, discloses their complete similarity, Consequently, liquids with the same coefficient of viscosity 
(isoviscous) possess, to the same close extent, the same structure, 
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ON THE QUESTION OF THE EXISTENCE OF METAKAOLINITE AND 
THE NATURE OF THE EXOTHERMIC EFFECTS OF ALUMINA 


A. M. Kalinina and E, A, Porai-Koshits 


(Presented by Academician M, M, Dubinin, December 7, 1956) 


As is well known [1], kaolin, in the uncalcined state, exists in the form of Al,Oy *2SiQ +2H,O crystals, 
On heating, dehydration occurs accompanied by an endothermic effect in the temperature range 450-600°, the 
kaolin being converted to the amorphous state, A number of investigators consider that the kaolin is thereby 
decomposed into free aluminum oxide and silica [2, 3], others [4, 5] consider that an amorphous compound 
(metakaolinite) is formed on dehydration, The 
first exothermic effect (970°) is also explained 
variously by crystallization of the amorphous 
alumina into the y-modification [6], by the 
decomposition of metakaolinite into free alumina 
and silica with subsequent crystallization of 
y-AlkOy [4], by the formation of mullite 
3AbROy*2Si0, [7], and, finally, by the forma- 
AL(OH),rose tion of sillimanite AlOs*SiQ, [8]. Attempts 
to shed light on these contradictory data by 
investigation of the behavior of alumina on 
heating to 950-1050° has also not met with 
success [5, 7], this apparently being explained 
by the dependence of this behavior on the nature 
of the original samples and by the experimental 
conditions [9], In general, the number of de- 
tected modifications of alumina varies from four 
(o, B, 9) [10] toten(a, x, n, 6, 9,k, 
and 4 y-modifications) [11, 12]. 


Fig. 1 


The aim of the present work was to clarify, by means of thermographic and X-ray investigations, the 
nature of the thermal effects of alumina and to obtain additional experimental material for a solution of the 
problem of the existence of metakaolinite as a definite chemical compound, Aluminas obtained from aluminum 
nitrate, aluminum sulfate, and hydrargillite were used for this purpose, The investigation of hydrargillite, 
AM(OLl)g (or AlgOg * 31120) having the general structural elements of kaolin (layers composed of aluminum- 
oxygen and aluminum-hydroxyl-oxygen octahedra) [13], was of additional interest, 


The X-ray investigation was carried out both in a proportional ionization chamber with a high-temperature 
(to 1400°) heater (CuK, radiation, nickel filter) and with 65,1 mm diameter Debye cameras (CoK q radiation, 
monochromatization by reflection from a calcite crystal), 


in Fig, 1 are presented heating curves for two samples of hydrargillite, white and rose (the latter contained 
9.014 % Fe,Os),* In addition to the previously known three endothermic effects [14], two exothermic effects 


. Chemical analysis carricd out in the analytical laboratory of the Institute of Silicate Chemistry of the 


Academy of Sciences, USSR, 


were observed on the curves; in the range 940-1050° (maximum 970°) for both samples, in the range 1060 to 


1150° (maximum 1100°) for the rose sample, and in the range 1180-1280° (maximum 1230°) for the white 
sample, 


chilled from 100°, 


Fig, 2 


In Fig, 2 are presented X-ray ionization curves obtained at the temperatures indicated at the right, At 
200° (the temperature region of the first endothermic effect in which partial elimination of water occurs [14]: 
*2,5 + 0.5 H,O), there was a marked appearance of the lines of a new phase (the 
nature of which remains unclarified and the lines of which are marked by crosses), and weakening andsome 
dispersion of the hydrargillite lines occurred, indicating partial disintegration of its lattice, At 300° (region of 
the second endothermic effect where further elimination of water occurs; Al,O3*2,5H,O-> AkOg,°H,O + 
+ 1,5 the hydrargillite structure completely disintegrated, and the monohydrate, *H,O — boehmite, 
was formed, as was amorphous alumina, the insignificant amount of which is apparent from the dispersion of 
the maxima in the region of 31-35° angles,* The latter is confirmed by the curve obtained at 500° (third 
endothermic effect), where the lines of boehmite and the unknown phase completely disappeared, and the 
entire sample was converted to the amorphous or highly dispersed state (two very broad maxima, the position 
of the second of them being very close to the most intense line (440) of the low temperature modification of 
alumina), The formation of the finely crystalline, cubic (spinel structure, defect type) low-temperature y - 
modification of alumina ( y; ) takes place at a temperature of 600°, to which the rise on the heating curve of 
hydrargillite corresponds (Fig. 1), The yj;-modification of alumina is stable in the temperature range 600 to 
950°, At the temperature of the first exothermic effect (maximum 1000°), the formation of the «x -modification 
of alumina occurred, this modification being stable over a small temperature interval; at the temperature of 
the second exothermic effect, the x -modification was converted to the O-modification (corundum), The 
beginning of its transition to corundum depends on the presence of impurities in the samples; in the rose sample 
of hydrargillite, which contained 0.014% Fe,O3, crystallization of corundum began at 1050°, while in the white 
sample it began only at a temperature of 1200°. 


. The more intense lines of platinum (the samples were held in a platinum holder during the exposure) are 


superimposed on certain maxima, as indicated by the sign + Pt, 
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The scheme of the thermal conversions of hydrargillite can be represented as follows: 


Boehmite, 
Al(OH) 190° Hydrargillite, 260° K-phase, 435° | Amorphous 
hydrargillite | k-phase ——>{ amorphous ——> finely 
200° dispersed 


alumina 
509° 


alumina 
315° 


600° 950° 1050—1200° 
Y;- Al,Os x- Al,Os a-Al,O, 


600—950° 1000° 1100—1230° 


A different course of thermal conversions was observed with alumina obtained from aluminum nitrate 
and from aluminum sulfate (Fig, 3), On the heating curve of Al(NO ),;*9H,O there were three endothermic 
effects (two weak with maxima at 180 and 250°, and a third, large effect with a maximum at 380°) and two 

exothermic effects (a clearly expressed effect 
with a maximum at 850° and a highly dispersed 
effect with a maximum at 1050°). On the 
heating curve of Al, (SOQ, +18H,O0 there were 
only endothermic effects with maxima at 100, 
350, and 900°, No exothermic effects were 
observed at temperatures up to 1100°. The 
first two endothermic effects on the curves of 
both samples were due to the elimination of 
adsorbed water and water of crystallization, 


At a temperature of 380° (heating curve 
(S0,);18H,0 of Al(NOy) 9H,0), decomposition of the 
Al(NO3), occurred, accompanied by conversion 
of the material to the amorphous state [ as in- 
Fic. 3 dicated by two broad maxima on the ionization 
8: curves obtained at temperatures of 600 and 
800° (Fig. 4, a) J, The maximum at a tem- 
perature of 850° (exothermic) corresponds to crystallization of the amorphous (or highly dispersed) alumina 
into the y; -modification of alumina (Fig. 4, b), This fact refutes the idea that crystallization of the y, - 
modification of alumina must be accompanied by the absorption of energy [15]. 


The y, -alumina obtained from aluminum nitrate remained stable up to the beginning of crystallization 
of corundum at the temperature of the second exothermic effect, 1050°. 


The scheme of the thermal conversions of alumina obtained from aluminum nitrate can be represented 
as follows: 


Amorphous or ° 


8 825 1000° 
Al (NOs3)3 --—> highly dispersed } Al,0,; «- Al,O, 
alumina 850° 1050° 


The decomposition of aluminum sulfate proceeded at temperatures lying considerably above the stable 
region of amorphous alumina, Therefore, crystallization of y ;-alumina was observed simultaneously with 
decomposition (900°) (Fig. 4, d). The transition to a-alumina began at 1200° (Fig, 4, e), ie., con- 
siderably above that in the case of the alumina obtained from Al(NO3g), The scheme of the thermal con- 
versions of the alumina obtained from aluminum sulfate has the form: 


900° 1200° 
Alx(SO4)3 ¥prAlzO3 a-Al,Oz 


- 
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Thus, a clearly expressed exothermic effect at 950-1050° was obtained only with alumina obtained 
from hydrargillite, llowever, the liberation of energy in this case was dependent on crystallization of the 
« -modification, while in the case of kaolin in this temperature region, there is observed the formation of 
Y, ~alumina (3, 6]. 


AL, (50,), 


Fig. 4 


As was shown above, crystallization of y, -alumina proceeds either after dehydration of the hydrargillite 
and decomposition of the nitrate, accompanied by conversion to the amorphous state, or simultaneously with 
decomposition, as was observed with the sulfate, but in any case at a temperature significantly below the first 
exothermic effect of kaolin, The absence of crystallization of alumina in the y,-modification from kaolin 
after dehydration (400-600°) indicates the presence of an intimate bond between the oxides, since free alumina 
would have to crystallize in the y, -modification at temperatures of 600-850°, X-ray pictures of Prosyansky 
kaolin (not purified by elutriation), obtained by us in the temperature range 600-1400°, showed that, along 
with the formation of mullite, the basic process, which corresponded to the first exothermic effect of kaolin 
(970°), is the formation of y ; - alumina, crystallization of which proceeds only after destruction (possibly 
partial) of the AO, *2SiOQ, complex, 
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NONSTEADY STATE PROCESSES DURING ANODIC SOLUTION 
OF COPPER IN ORTHOPHOSPHORIC ACID 


S. 1. Krichmar 


(Presented by Academician A, N, Frumkin, December 14, 1956) 


During the study of electrochemical polishing, as well as of other electrode processes which are accompanied 
by significant concentration polarization, one of necessity runs afoul of phenomena whose nature is directly 
connected with the formation of a diffusion layer around the electrode, 


V, I, Lainer [1] pointed out the presence of 
more or less sharp rises in voltage on potential- 
time curves obtained during electrochemical 
polishing of copper in orthophosphoric acid solutions, 
We observed analogous phenomena on current-time 
curves obtained while maintaining constant voltage 
across the bath, 


During anodic solution of copper in ortho- 
phosphoric acid, maxima are observed on the 
voltage-amperage curves at the beginning of the 
} limiting current plateau, The form of the curves 

—— - in the limiting current region depends on the 
ol methods of obtaining the curve [2], In the case, 

considered in the present work, bf anodic solution 

of copper in phosphoric acid, nonsteady state pro- 
cesses during the formation of the anode layer are 
connected with diffusion transfer of material in 
the immediate vicinity of the electrode, since in 
highly concentrated solutions of Hg PO, (8-15 
moles/liter) the relatively high viscosity (10-60 centipoises) probably relegates convection transfer of material 
during the electrolytic process to a secondary role, 


Fig. 1. Variation of V with t, HPO, con- 
centration, 15 moles/liter, 


The mechanisin of diffusion kinetics for the case of a nonsteady state process at the cathode in an un- 
agitated electrolyte at a fixed current strength has been described by Sand and Levich [3], For the case con- 
sidered here, the problem can be solved similarly, 


The boundary and initial conditions for the molecular diffusion equation 


are the following: 


(1) 
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I 
1) CO, y)=0; 2) aps = const, 


where C is the concentration of copper in the solution, | is the current strength, S is the electrode surface, 
and D is the effective diffusion coefficient, 


We introduce a new variable: 
u= Cc G 


where C, is saturation concentration, In terms of the new variable, the boundary problem has the form: 


the form of basic Equation (1) is unchanged, 


In this form, the boundary and initial conditions of our problem agree with conditions for the cathode; 
therefore, we nay immediately make use of the solution proposed by Sand and Levich for the cathode; 


AnD ( e-?"dz. 3 
Cs + SnFDV x (3) 


vi2V Dt 


Substituting for u in (3) we obtain 


2ly 
SnFDV x 


yrlanD 


\ e-**dz. 


Dt 


(4) 


The change in the concentration of reaction products immediately at the anode is given by the equation 


SnFV V (5) 


It was indicated above that, in the case under consideration, the concentration of material at the surface 
of the anode cannot increase without limit, After reaching saturation concentration, there is a jump in potential, 
and a new process (gas evolution) begins, Depending on the fixed current strength in the system, the potential 
jump begins at different time intervals: the higher the current strength, the quicker the activity at the anode dis- 
appears and the sooner the potential jump. 


In Fig. 1 is presented a series of typical potential-time curves obtained during anodic solution of copper 
in HgPQ, for I(t) = const, 


In Fig, 2 is shown the variation in time of initiation of the potential jump, T, with current strength in the 
system; the curves were constructed according to the equation 


T, xD (5a) 


and the points are experimental data, In constructing these curves, it was assumed that the magnitude of the 
diffusion coefficient for the reaction products is the same as that for a molecule of acid, The diffusion coefficient 


(2) 

= 

4 304 


was calculated from the Stokes-Einstein equation using values for the viscosity of Il, PO, solutions taken from 
4], The saturation concentration was obtained by extrapolation of data [5] on the dependence of limiting 
current on the concentration of reaction products in the solution,* 


The values of the constants in Equation (5a) are presented in Table 1 for the electrolyte concentrations 
investigated, 


TABLE 1 


IlgPQ, conc, Cs D 


moles /liter 


moles /liter 


cm?*/sec 


8 
10 
15 


2.0 
2.2 
2.4 


OA 
0.3 


10 
6.6+ 1078 
1,1-1076 


From the data presented, it may be seen that the equation of Sand and Levich is completely applicable 
to the calculation of the time of initiation of the potential jump for high concentrations of HgPO, where the 
natural convection transfer of material is retarded by the high viscosity of the solution, For Hg PO, concentra- 


tions below 6 moles/liter, this equation is not suitable, since natural convection material transfer increases 
considerably under these conditions, 


amp/cm? 


16-10" 


12 
0 


720 160 20Gma 


Fig. 2, Variation in T with 1, 
1) 8 moles/liter; 2) 10 moles/liter; 
3) 15 moles/liter, 


Fig. 3, Variation in I with V. Duration of 
polarization; 1) 10 sec; 2) 20 sec; 
3) 30 sec; 4) 4 min, 


On the basis of these ideas of the role of nonsteady state processes during anodic solution of metals, it is 
possible to give the following explanation of the maxima on the voltage-amperage curves obtained during the 
electrolytic polishing of copper in phosphoric acid, The usual method of taking voltage-amperage curves con- 
sists in sequentially changing the potential difference at the bath terminals and simultaneously (or subsequently) 


Since, as was shown in [5], the limiting current for the case of electrolytic polishing of copper in HyPO, 
follows the equation; i= nFD(C—C 9)/5, where C is the concentration of products at the surface and Co is 
the concentration of products in the body of the solution, then within the limit when the concentration in the 
body of the solution has reached saturation we have i=0 and C=C $° 
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recording the current strength, In this method, the electrode goes from each previous measurement into a new 
electrochemical state in an already partially polarized condition, The intensity of the polarization is deter- 
mined each time by the amount of electricity passing through the electrolytic cell, i.e., in the last analysis, 
by the duration of the electrolysis, Thus, if the points are taken sufficiently rapidly, the electrode goes into 

an electrochemical state corresponding to the limiting current but still with an unformed electrode layer; 
therefore, with a further increase in potential, the current strength still continues to increase for a certain time, 
The latter leads to a maximum on the curve in the region where limiting current begins, Thus, the size of the 


maximum and its form depends completely on the duration of anode polarization, This dependence is graphically 
illustrated by the following experiment, 


In Fig, 3 is presented a series of voltage-amperage curves obtained with a 5 M solution of HgPQy. The 
points on these curves were obtained in the following manner; each time the anode was subjected to electrolysis 
for a strictly specified time, after which the current was interrupted, the electrode depolarized, and the sub- 
sequent measurement carried out at the new potential value, It is seen from the figure that the height of the 


maximum regularly decreases with an increase in polarization time, and it is completely absent at a com- 
paratively high value of T, 
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ON THE PROCESS OF COAL HALOGENATION UNDER THE INFLUENCE 
OF ULTRASONIC WAVES 


B. 1. Losev, 1, E, Elpiner, and A, N. Melnikova 


(Presented by Academician A, N, Frumkin, December 4, 1956) 


The question of the hatogenation of coal has recently became significant, since extraction of rare metals 
from coal is cartied out primarily through halogenation of the latter, However, not only is there no accurate 
information on the halogenation mechanism, but the halogenation methods used are still rather ineffective, 
Thus, for example, the halogenation of coal proceeds extremely slowly at atmospheric pressure and room tem- 
perature, Methods providing for carrying out the halogenation process at high reaction temperatures and under 
pressure also result in the addition of chlorine or bromine in low percentages, 


Halogenation of coal is a heterogeneous process, It takes place at the boundary separating two phases — 
solid coal and liquid or gaseous halogen, Naturally, more favorable hydrogenation conditions can be obtained 
through the use of methods for putting the solid phase in a more highly dispersed state, thereby increasing its 
total surface, In addition, increased activity of the reacting halogen should have an influence on the rate of 
the halogenation reaction, A new method used by us for the halogenation of coal — the use of ultrasonic waves 
— satisfies these requirements to a considerable extent, The reaction of halogens with coal is greatly accelerated 
by the action of ultrasonic waves, increasing considerably the yield from the reaction, 


In the present communication, it will be shown that the bromination proceeds under relatively mild con- 
ditions of sonic treatment, i.e,, at a comparatively low intensity of the ultrasonic waves, Moreover, the ob- 
servations showed that under the influence of ultrasonic waves, not only is the reaction of liquid bromine with 
coal accelerated, but so is the reaction with gaseous chlorine, 


We used a piezoquartz ultrasonic generator, The source of the ultrasonic waves was a cifcular piezo- 
quartz plate of 50 mm diameter; the vibration frequency of the ultrasonic waves was 380 kc; the intensity 
was 8 watts per cm?’ of irradiated surface, The contact liquid between the emitter and the irradiated object 
was water, Propagation of the ultrasonic waves was accompanied by the appearance of a wave or small fountain 
on the surface of the water, The flask containing the reaction mixture was submerged in the "ultrasonic" 
fountain, The rapidly occurring (almost instantaneous) degasification of the irradiated liquid and the appearance 
of ripples on the surface of the liquid inside the flask indicated that the ultrasonic waves penetrated into the 
vessel, The distance of the reaction vessel from the emitter was 15-16 cm, 


In the case of bromination, the reaction vessel contained 7 g of coal and 21 g of Br in 50 ml of distilled 
water, After the sonic treatment, the coal was filtered in a Buchner funnel and washed with distilled water 
until the wash water gave a negative reaction for bromine, The amount of bromine added to the coal was de- 

termined by the micromethod developed in the Institute of Fossil Fuels of the Academy of Sciences of the USSR; 
‘a sample of the coal weighing 6-12 mg was burned in a quartz tube in a current of oxygen; the combustion pro- 
ducts were collected in a solution of KOH and H,Q,:, in which the bromine content was subsequently determined 
by titration by the Volhard method, 


| 
| 
| 


From the results of the investigation presented in Table 1, it is seen that 2,68 wt, % bromine (calculated 
on the dry coal) was added to the coal during 7 minutes bromination at room temperature, while with the same 
bromination time in an ultrasonic field 47.3 wt, % bromine was added, As much bromine was added to the coal 
during 7 minutes bromination with the indicated intensity of ultrasonic waves as was added during 20 hours at 
0° without ultrasonic irradiation, In other words, the bromination process proceeded 160 times more rapidly 
under the influence of ultrasonic waves than under the usual conditions, 


TABLE 1 


Bromination of Long-Flame Coal Under the Influence of Ultrasonic Waves * 


Experimental 


conditions 


Bromination | Temp, 


time 


cc 


Ho 


Initial coal 


2 g coal and 27 g 
Brg in 50 m1 water 


Same 
Same 


withour irrad, 


with irrad, 


20 hrs, 
7 min, 
7 min, 


20 
20 


3.04 


1.78 
2.91 
2.87 


12.50 


3.82 
11,68 
7.01 


81.56 


42.3 
13.7 
43.41 


6.63 


2.75 
5.79 
2.85 


50.84 
2.68 
47.3 


Ww? — moisture in coal, wt. %, AT — wt, % ash, dry basis; C° — combustible carbon in coal, wt, %, 
H° — hydrogen in the combustible matter of the coal, wt, %; Br, — bromine, wt, % calculated on the dry coal, 


The chlorination of coal was carried out by us while slowly introducing gaseous chlorine into the reaction 
vessel — 2 bubbles of gas per second, Using this method of passing the gas through the reaction mixture (7 g 
of long-flame coal in 50 ml of distilled water), 2.98 wt, % chlorine (based on the dry coal) was introduced 
(the amount of chlorine was determined by the method described above), However, this percentage was con- 
siderably increased by carrying out the chlorination in a field of ultrasonic waves (Table 2), 


TABLE 2 


Chlorination of Long-Flame Coal Under the Influence of 
Ultrasonic Waves 


Chlorination 
time, min, 


Experimental 
conditions 


Amount of chlorine, 
wt, % (on dry coal) 


Without irrad, 20 2.98 
With irrad, 10 3.48 
With irrad, 20 6.91 


As the table shows, the amount of chlorine reacting with the coal increased with an increase in the 
irradiation time, After 20 minutes in the ultrasonic field, almost 2,5 times more chlorine had reacted than 
during this same time without irradiation, 


What mechanism was established by us for the halogenation of coal in an ultrasonic field 2? It is well 
known that ultrasonic waves possess a dispersing action, due, most likely, to mechanical forces arising during 
the generation and collapse of cavitation bubbles, Considerable mechanical forces are also developed, ap- 
parently, by synchronization of the pulsation frequency of the generated gas bubbles with the frequency of the 
ultrasonic vibrations (resonance phenomenon), However, for the development of an appreciable dispersing 
effect, lengthy exposure to ultrasonic waves is required, In an analysis of the described facts, it is necessary 
to take into consideration the possibility of a genesis according to the cavitation electrochemical theory of 
ultrasonic chemical reactions — the possible appearance of activated halogen as a result of dissociation of the 
molecule in the cavitation voids, That the iodine molecule can dissociate with subsequent reduction in an 
ultrasonic field was established in 1950 [3], It is also necessary to remember that as the result of splitting of 
"activated* water molecules in a cavitation void, products possessing oxidizing action appear [4, 5]. 
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THE KINETICS OF MECHANICAL DEGRADATION OF HIGH POLYMERS 


N. K. Baramboim 


(Presented by Academician V, A, Kargin, December 13, 1956) 


The breakdown of macromolecules of high polymers by mechanical action of various kinds appears to 
be a highly specific destructive process connected directly with the large dimensions of the macromolecules, 
The free macroradicals formed as a result of rupture by the action of mechanical forces are, in the absence 
of suitable acceptors, capable of undergoing the most diverse and characteristic transformations and recom- 
binations with the formation of branched chains, cross-linked structures, copolymers, etc, In the presence of 
active acceptors such as atmospheric oxygen, the macroradicals may become stabilized and the process may 
thus have the effect of degradation of the polymer, It is this particular form of degradation which is being 
considered in the present communication, 


In modern practice of high polymer processing one is confronted either with the intended application of 
the rupture of macromolecules, or with the necessity to take its occurrance into account during the mechanical 
treatment of the polymers, However, in spite of the enormous theoretical and practical importance of 
mechanical degradation,this method has only been studied in a few particular cases and for the most part with- 
in a rather narrow scope [1-3], Recent investigations have demonstrated the possibility of widening the range 
of application of this phenomenon in the processing of polymers and of developing a number of original pro- 
cesses, However, because of the absence of systematic investigations of the dependence of mechanical de- 
gradation on the nature of the polymer, external conditions, etc,, it was impossible to make any generalizations 
about the process even to a first degree of approximation, In view of this we have undertaken a detailed in- 
vestigation of characteristic features of mechanical degradation of a wide range of hydrocarbon and hetero-c 
chain polymers in relation to the medium, temperature and other factors with the object of discovering some 
general regularities governing this process, 


In order to carry out the degradation in liquid as well as in gaseous media we have used different 


apparatus, including some of original design, in which the process could be performed under strictly controlled 
conditions, 


In this paper we outline an experimentally founded general quantitative evaluation of the process of 
mechanical degradation of a number of polymers, 


In Fig, 1 are plotted curves representing the variation of the molecular weight of different polymers 
with time during milling in a ball mill in an atmosphere of nitrogen and at a temperature of T= —10°, The 
shape of the curves indicates that the molecular weight of the products of degradation tends to a definite 
limit which is apparently determined by the ratio of the bond energy of the chemical bonds in the main chain 
to the energy of intermolecular interaction, The probability of chain rupture and the limiting molecular 
weights, both of which are determined by this ratio, can be calculated by the method given in [7], However, 
such a calculation can only be very approximate, because at present we do not possess sufficient data for a 
quantitative determination of the micro and macro-heterogenities of the polymers, 


Practically useful values of limiting molecular weights reached by mechanical degradation can be ob- 


tained from the experimental kinetic curves M = f (1) by graphical extrapolation to infinite time, as shown in 
Fig. 2. 


| 


In the case of the polymers investigated by us the limiting molecular weights, Mg, obtained by 
mechanical degradation are in the following order; polyvinylacetate — 11,000; acetyl cellulose — 10,000; 
polymethyl methacrylate — 9,000; polystyrene — 7,000; 
polyvinyl alcohol — 4,000, 


a Thus, while chemical or thermal degradation of 


a polymer leads to the monomer and its decomposition 
products as limiting units, it is fragments of chains which 
appear to be the limiting units in the case of mechanical 
degradation, The size of these fragments appears to be 
the function of the chemical nature of the polymer, other 
things being equal, This fragment, Mop, is not directly 
related to the size of the mechanical segment of the 
given polymer as it depends on very definite conditions, 
namely, conditions under which the actual process of 
mechanical cracking is effected, In all probability the 
limiting unit in the case of each polymer depends, in 
general, not only on its chemical nature but also on 
<5, temperature, the medium in which the process is carried 
0 60 80 hours out, as well as the frequency of the mechanical action, 
7 This characteristic feature of mechanical as distinct from 
other forms of degradation was observed in the case of 
all the polymers investigated so far, 


Fig. 1. Kinetic curves of mechanical de - 

gradation of different polymers; 1) poly- From the analysis of the kinetic curves shown in 

methyl methacrylate; 2) polyvinyl : Fig. 1 and using the limiting molecular weights we 

acetate; 3) polyvinyl alcohol; 4) poly- found — by the method of successive approximation — 

styrene; 5) acetyl cellulose, that the curves can be expressed with sufficient accuracy 
by the equation 


M, a Mo, (1) 


where A = Mg— Moo; Mr is the molecular weight at time 7; 7 is time taken for degradation; Mg is the 
molecular weight before degradation; and k is the velocity constant of degradation, 


4-109 2-197 “2 40 hours 
AM 


Fig. 2, Diagram for the determination of the limit, Mg), 
from experimental kinetic curves, Polystyrene, t = 10°, 
in air, 


2460 
120 
if} 
| 80 1 
| 4 

2 
7) 
3 
5 
20 
: 50-10" 
4l) 
aM 
a 
| | | 

312 


The values of the constant k found for the polymers investigated are: polymethyl methacrylate — 
0.1200; polystyrene — 0.0945; polyvinyl acetate — 0.0468; polyvinyl alcohol — 0.0237, 


This relation between the constants can, to a 
first approximation, be attributed to the difference in 
the rigidity of the chains and in the degree of close 
packing of these polymers, 


Equation (1) can be obtained from theoretical 
considerations, if we make use of the idea of the 
limit of degradation, If we assume that the probability 
of chain rupture and hence, also, the velocity of de- 
gradation are proportional to the number of possible 
ruptures between the fragments whose molecular weight 
is equal to Mg, then 


Fig. 3. Comparison of experimental (lines) Separating the variables, integrating and trans- 
and theoretical (points) values of molecular forming we finally obtain Equation (1), This equation 
weights after mechanical degradation for is reminiscent of the kinetic equation of a first order 
different lengths of time: 1) polystyrene; chemical reaction, but only in form, It is valid for a 
2) polyvinyl acetate, given polymer and for definite experimental conditions, 

provided it is assumed that the fragment having the 
molecular weight Mg) is the smallest kinetic unit split off by mechanical "depolymerization," 


Such is the general picture of the process of mechanical degradation of amorphous glass-like polymers, 
The values of the constants in Equation (1) do, of course, depend on definite experimental conditions, i,e., 
temperature, medium and intensity of the mechanical action, etc,, and can be used in evaluating the process 
under those conditions under which they have been determined, 


In our case the experimental and theoretical values of the molecular weight after different periods of 
degradation are in very good agreement as will be seen from Fig. 3. 
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TUE C-fl BOND RUPTURE ENERGY IN HYDROCARBONS 


V. I. Vedeneev 


(Presented by Academician N, N. Semenov, Deceinber 24, 1956) 


The observed deviations from the additive nature of the heats of formation of paraffin hydrocarbons 
are small, This indicates that the C—H bond rupture energy, which depends to a considerable extent on the 
structure of the molecules, cannot be ascribed directly to the interaction between the atoms in the molecule 
itself, In fact, as we pass from methane to the higher members of the series the mean bond energies vary by 
approximately 1 kcal, whereas the corresponding bond rupture energies vary by about 8 kcal, 


It is well known that in the case of diatomic molecules the energy of rupture of a single bond is exactly 
equal to the mean energy, When diatomic molecules undergo dissociation single atoms only are formed, The 
decomposition of a complex molecule gives rise to two radicals or to a radical and an atom, It is natural to 
assume that it is the radicals formed by the decomposition of molecules which are responsible for those varia- 


tions in bond rupture energies observed experimentally, This problem has been treated in great detail by N, N, 
Semenov [1]. 


Semenov pointed out that the cause of the comparatively large variations in bond rupture energies must 
be sought not in the properties of the molecules RX, but in the properties of the radicals R and X formed as a 
result of the dissociation of the molecule, and arrived at a formula which in the case of C—H bond rupture in 
hydrocarbon molecules has the form 


D(R —H) = V(R), 


where V(R) is the energy of stabilization of the radical R and Di is a constant, 


The gain in energy obtained from the stabilization of the radical results from the interaction of the 
free valency with the remaining bonds in the radical, The extent of this effect will, of course, depend on the 
state of the free valency itself (1- or o - state) as well as on the type of bond with which this free valency 
interacts, In addition, the extent of this interaction should, of course, vary with the distance, 


Let us suppose that the energy of interaction of the free valency with the saturated bonds in the radical 


diminishes exponentially with distance, The energy of interaction of the free valency with one bond will be 
given by 


Ve = 
(2) 


where aj and 8 are coefficients characterizing the interaction in question, and n is the number of the carbon 
atom linked by the bond of the type j with which the free valency interacts, In the case of the carbon atom 
which carries the free valency, n= 0, Summating over all the bonds in the radical R we obtain 


V(R) = (3) 


D(R--H) = Di — >) (4) 
j,a 
where jis the number of bonds of the j-th type attached to the n-th carbon atom. The method of expressing 
the distance in terms of the number of carbon atoms is, of course, a rough approximation, A comparison of 
the results calculated by the above formula with 
TABLE 1 experimental data will show the degree of correct- 
C—tl Bond Rupture Energies (in keal) ness of this assumption, 


It is possible to show that in calculating V(R) 
it is necessary to take into account the interaction 
of the free valency with single C—C bonds as this is 
automatically accounted for in the coefficients of 
interaction of the free valency with other bonds in 
the radical R, 
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Bond ruptured 


of iodine 
brominaticr 


By pyrolys 
By photo- 


oo wees In Table 1 are shown experimental values of 


n-CaH.—H = the C-I] bond rupture energies for paraffin hydro- 
nyllyp—H carbons obtained by different methods,* The values 
= Cheon 9) of D H) = 95 keal and D(n-CgHy — H) = 

= 4 kcal appear to be most reliable of all the values 

of D(C~H) obtained from data on the pyrolysis of 

iodides [8], while the values obtained for the rupture 
energy of the same bonds by the method of electron impact appear to be rather high [4]. If the values of 
D(C) in methyl groups of propane and butane, obtained by pyrolysis of iodides, are accepted as more 
accurate, then the experimental values of the bond rupture energies shown in Table 1 can be expressed satis - 
factorily by Formula (4), the values of the coefficients being 


161. keal 
0.4; 
a; = &H 20 kcal 


The formula by which we can calculate the bond rupture energies of the C-H_ bonds for paraffin 
liydrocarbons will therefore have the form 


D(C —H)~161—20 70.4)" **. (5) 


In order to be able now to calculate D(R—I1) for unsaturated hydrocarbons it is necessary to calculate 
first &7, ie., the coefficient oj for the interaction of the free valency with a m-bond, In addition, if the 
free valency, existing in the “m-state," is situated inthe ©-position with respect to the m-bond, an amount 
of energy of conjugation equal to about 19-20 kcal is set free (6, 7]. Let us put Econj ~ 20 keal, To cal- 
culate ©, we use the value of the energy of dissociation of a hydrogen atom fro.n the methyl group of 


llere the experimental values for the bond rupture energies are again taken from [2, 3]. 


From Formula (5) it is easy to obtain the formula proposed by V, V, Voevodsky [5]: 


Qe = 78 (0.40)"%, 


the correctness of which has been confirmed on several examples, 
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propylene which is equal to 77 kcal, By calculation we find , ~ 24 kcal. In order to calculate the 
bond rupture energies of C-H_ bonds in molecules containing conjugated m-bond systems, let us consider the 
benzene molecule, Let Og denote the coefficient a; which accounts for the interaction of the free valency 
with C—C bonds in benzene, Putting D(CgHs— H) ~ 102 kcal, we obtain Op ~ 11.5 kcal. 


If the benzene molecule is pictured as a system of alternating single and double bonds, the coefficient 
Gq for double bonds in benzene will be equal to 24, ~ 23 kcal, that is, very nearly equal to the value 


O _ > 24 keal found for the energy of interaction of the free valency with an isolated m-bond, 


In view of this we may, when calculating the values of D(C—H) for molecules such as, for example, 
butadiene, make use of our conventional ideas of alternating single and double bonds, 


TABLE 2 


Bond ruptured Bond ruptured 


D(C—H) found, 
kcal 


D(C—H) calc., 
kcal 


CH3s—H 101—102 

C;H;—H 96—98 

n -Cs;H,—H CoHs- —H 

n-CyHy»—H 

sec Hs 

p CHs-CgHy-CH—H 

Ip CH-CH,—H Hs 

CH,—H 

o-CHy—CyH,-CH;—H 

| | 

CHy | 


C sHs-CH—-H 


CH, : CH—H 


Having thus collected a set of coefficients j for the interaction of the free valency with C-H bonds, 
isolated m-bonds, C—C bonds such as in benzene, as well as the numerical values of Df; ; e ~B and Econj: 
we may by means of Formula (4) calculate the C—H_ bond rupture energies for hydrocarbon molecules of the 
most diverse structure, Some results of such calculations and the corresponding experimental values are given 
in Table 2, 


By means of Formula (4) it is possible to calculate the C—H bond rupture energies for molecules of different 
X-substituted hydrocarbons, where X may be a halogen atom or some other substituent, In order to do this it is 
necessary to calculate Gy, i,e., the coefficient «; for the energy of interaction of the free valency with the 
C-—X bond, from at least one experimentally determined value, 


The method proposed here for the calculation of C—H bond rupture energies is, of course, very approxi- 
mate, but it enables us to determine fairly rapidly and directly the C—H bond strength in hydrocarbon mole- 
cules of the most diverse structure, 


LITERATURE CITED 


{1] N.N, Semenov, On Some Problems of Chemical Kinetics and Reactivity, (Acad, Sci, USSR Press, 
1954). 


A} 
69 ~74 
73.3 74 
75.7 76 
76.6 76 
101 | 96—122 
317 


(2] T, Cottrell, The Strength of Chemical Bonds [Russian Translation] IL, 1956, 


(3) M, Szwarc, Chem, Rev, 47, 75 (1950), 

[4] E, W. R, Steacie, Atomic and Free Radical Reactions, New York, 1954, 

[5] V. V. Voevodsky, Proc, Acad, Sci, USSR, 79, 455 (1951). 

(6) J. L, Franklin and F, H, Field, J, Amer, Chem, Soc, 75, 2819 (1953), 

(7) Ya. K, Syrkin and M, E, Dyatkina, Bull, Acad, Sci, USSR, Div, Chem, Sci,, 1946, No, 2, 153, 


Institute of Chemical Physics, 
Academy of Sciences of the USSR, Received December 21, 1956. 


i] 
ae 
Pa, 
: 
AR 


ON THE PROBLEM OF THE MECHANISM OF LON EXCHANGE 


V. I. Gorshkov and G, M. Panchenkov 


(Presented by Academician A, V, Topchiev, November 22, 1956) 


Our current ideas about the mechanism of ion exchange do not allow us to form a clear picture of the 
influence of variations in the conditions of the exchange process, such as temperature and nature of the solvent, 
on the ion exchange equilibrium, 


In the following we outline a mechanism of cation exchange based on results obtained in the course of 
investigations of ion exchange equilibria as well as on a number of other phenomena familiar from the litera- 
ture (association of ions in electrolyte solutions, the dependence of the exchange capacity of weakly acid 
resins on the pli of the medium, slight lowering of the exchange capacity of sulfonated resins in alcohol, the 
possibility of ion exchange taking place between two resins, etc,), 


An ion exchange resin is a high molecular weight poly-acid, When such a resin is immersed in a polar 
solvent, for example, water, it will undergo ionization as a result of the interaction with molecules of the 
solvent, However, since the anions of the resin are bound to each other they cannot distribute themselves 
throughout the entire volume of the solvent, As a result of the action of electrostatic forces the cations are 
likewise unable to diffuse throughout the volume of the solvent, As a result, an “ionic cloud" is formed near 
the surface of the exchange resin with a fairly high cation concentration, However, as has been shown by 
Sementschenko[1]and later by Bjerrum [2], in solutions of strong electrolytes at concentrations above 0,05 N 
association of ions can occur, i,e,, a closer approach of ions of opposite sign under the action of electrostatic 
forces, Such association may be expected to occur with cations as well as with anions of the exchange resin, 
A diffuse layer of ions penetrating sufficiently far into the solvent may form on the external surface of the 
exchange resin, but within the resin network the thickness of this diffuse layer should, as a result of repulsion 
between opposite cations, be considerably less than the thickness of the external diffuse layer, and less the 
closer the dissociated groups are situated with respect to each other, To a first approximation the equilibrium 
may therefore be expressed as a two-stage process; 


ABR = A*+ BR, (1) 


where A‘ is the resin cation; B™R is the anion group; ABR is the resin; A*B~R is the complex formed by 
the association of the cation and anion, 


If the resin is present in a very fine state of subdivision, or if its degree of polymerization is low (so- 
called soluble exchange resins), the concentration of ions near its surface will not be very high and the 
equilibrium will be displaced to a considerable extent to the right, Under these conditions an “ionic cloud" 
will be formed near the surface of the resin particles, Evidence for this is provided by the fairly fast cation 
exchange between soluble and insoluble ion exchange resins [3], 


In the case of the usual resins which do not form sols the main effect arises from the equilibrium 


ABRZA‘BR. 
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This equilibrium determines the total exchange capacity of the resin, i.e., the quantity of ions which can be 
exchanged under given conditions, Depending on the nature of the exchanging groups and on the conditions 
in which the resin is used the equilibrium may be displaced either way, Thus, in water it will, in the case of 
weakly acid groups such as Of and COOH, be displaced to the left and will depend strongly on the pH of the 
solution, In the case of sulfonic groups it will be displaced to the right, 


On account of the less polar nature of alcohol the exchange equilibrium in alcoholic solutions will, 


even in the case of sulfonated resins, be displaced slightly to the left and the exchange capacity of the resin 
in anhydrous alcohol should be somewhat lower than it is in water, 


A lowering of the exchange capacity has in fact 
been observed by us in some experiments on the exchange 

' equilibrium of sodium chloride on sulfonated resins in 
% -02 100% methanol, It was fovad that the higher the moisture 
content of the resin the nearer the exchange capacity 
1% , ‘ . was to its value in water, Apparently, even traces of 
i 3 oS moisture in the resin displace the equilibrium (2) to the 
Yr °10 ‘——- right, As soon as the amount of water present is sufficient 
for all hydrogen ions to be hydrated the exchange capacity 
of the resin in alcohol becomes equal to its exchange 
capacity in water, 


Fig, 1, Dependence of — log K on 1/T 

in ion exchange on E-type espatyte: 

1) NaCl; 2) KCl, On adding to the solution other cations a proportion 
of these will displace cations of the resin and after some 


time an equilibrium will be established, For the sake of simplicity let us consider the exchange of monovalent 
ions, 


In the case of the reaction Me’ + H'SQ;°-R @ H* + Me*SQy R we may assume that the change in 
free energy under standard conditions, — AF = RT In K, consists of two parts; the electrostatic part, AF), 
equal to the change in free energy resulting from the substitution of a hydrogen ion in the ion pair H*SQS”R 
by a metal ion, and the nonelectrostatic part, AF pone}, which accounts for effects resulting from the inter- 
action of solvent molecules with ions taking part in the reaction, The first portion of this energy is equal to 
the work done on substitution of a hydrogen ion by a metal ion Me*; this work is equal to the difference of 
the energies of electrostatic interaction of the cations H' and Me’ with a resin anion, 


Since the energy of interaction of a hydrogen ion with the monovalent SO, R ion is given by E,;+ = 
= €7/2Da jt + Where D is the dielectric constant, € is the charge on the hydrogen ion and aj;, is the 
distance between the ions and , and since, by analogy, €*/ 2Da the electrostatic 

1 1 


component of the change in free energy will be given by AF, = , Where N is 


2D 
Avogadro's number, Hence, we obtain 


AF Ne? 4 
~100K ox (— 


This formula helps us to explain a number of regularities discovered in the course of studies of ion 
exchange equilibria, Thus, using the same solvent, for example, water, we should in the case of the exchange 
of alkali metal ions for hydrogen obtain a linear relationship between log K and 1/ayjo+ . The values sub- 
stituted for a,4,+ were calculated for the parameter a° from activity coefficients by means of the Debye- 


Hueckel formula log y, = — AVM/1 + Ba° VM [4]; in this way a linear relationship was obtained for a 
number of sulfonated resins studied by us, This is also in agreement with data from the literature [4, 5], 


The difference in the exchange constants for one and the same metal on different resins is connected 
with differences in the nonelectrostatic component of the change in free energy, SE, ,.,.), resulting from 
differences in the structure of the hydrocarbon skeleton of the resins, 


In the case of one and the same pair of ions exchanging in a given solvent we should expect to find a 
linear relationship between — log K and 1/T, Such a relationship was in fact observed in the case of the 
exchange of sodium and potassium ions on the H-type of several sulfonated resins (Fig, 1). 
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Furthermore, keeping the values of AFagney and (1/a;;; — 1/ayge+) Constant, a linear relationship 
should also be found between — log K and 1/D, 


Such assumptions may be made in the case of aqueous alcoholic solutions with low concentrations of 
alcohol, because in solvents of this kind the ions are preferentially hydrated (as may be inferred, for example, 
from measurements of ionic mobilities in aqueous alcoholic solutions [6]), Under these conditions the effect 
of adding alcohol is, to a first approximation, to change the dielectric constant only, 
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Fig. 3, Dependence of log x ™ 
Fig, 2, Dependence of — log K on 1/D H,0 
in ion exchange on H-type espatyte in 1/D in ion exchange with NaCl on 

mixtures of water and methanol: [H-type espatyte, SBS-resin and SDV-3 


1) LiCl; 2) NaCl; 3) KCl, resin in water-methanol mixtures, 


In the course of investigations of exchange equilibria of alkali metal ions on sulfonated resins in aqueous 
alcoholic solutions containing up to 60% alcohol we found a linear dependence of — log K on 1/D (Fig. 2), 


It is of interest to note that differences in the structure of the hydrocarbon skeleton of the resin have no 
effect on the variation of the equilibrium constant with solvent composition, This is confirmed by the fact 
that the ratios of the equilibrium constants for the exchange between Na* and H'* in aqueous alcoholic 
solutions to the corresponding constants in water were found to be the same for three different sulfonated resins 
(Fig. 3). 


In fact, in a series of investigations on the effect 
of additions of alcohol on the dissociation constant of 
acids [7, 8],on the instability constant of complexes 
(9],and on the normal electrode potentials (10, 11],we 
have likewise found a simple linear relationship between 
log K or the normal potentials, and 1/D of the sol- 
vent at comparatively low alcohol concentrations, 

This fact also indicates that it is possible to apply a 
simple electrostatic model in interpreting reactions 
in such solutions, 


; Hee When the alcohol content is increased to 60% the 
008 0030 linear relationship between — log K and 1/D is 
Vp pein disturbed and the curve passes through a minimum 
(see Fig, 2), Nor do we find a linear relationship in 
th f th h of alk 
Fig. 4, Dependence of — log K on 1/D in ; e case of the exchange of alkali metal ions for 
ydrogen in aqueous-acetone solutions (Fig, 4), A 
ion exchange on resin SBS in aqueous acetone 
. rea ‘ linear relationship is, however, obtained for the ex- 
solutions; 1) Li -H"; 2) 
ae ear change between different alkali metal ions in aqueous 
3) Kt=H'; 4) Nat=Li*, 
acetone solutions, 
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In order to explain these phenomena it is necessary to consider the behavior of acids in these solvents, 
The point is that parallel with the solvation of ions and interactions: between the solvated ions which are 
characteristic of solutions of all electrolytes, there occurs in these solvents also a specific chemical inter- 
action of the hydrogen ions with a single molecule of the solvent with the formation of a lyonium ion (or the 
hydroxonium ion, tO", in the case of water) which undergoes further solvation as a result of the orientation 
of the molecular dipoles of the solvent [12], just as is the case with the usual monovalent ions, This specific 
interaction with the first molecule of the solvent is either altogether absent in the case of all the remaining 
ions, or it manifests itself only to a very small degree, 


In aqueous alcoholic solutions of acids hydrogen ions are preferentially hydrated [13], The interaction 
of the proton with molecules of alcohol begins to be manifested only at high alcohol concentrations, This 
interaction will find expression in a change in the value of AFnonel, in the formula deduced above, 


Acetone differs from alcohols and water as solvents in that its dipole moment (2,95 debyes) is large by 
comparison with the dipole moments of water (1.84 debye) and alcohols (1.69 debye for methyl alcohol, 
1,70 debye for ethyl alcohol [14]), For this reason the interaction of the proton with acetone molecules be- 
comes evident at lower concentrations than in the case of methyl alcohol, 


In the course of investigations on the behavior of a number of acids in acetone-water solutions, N, A, 
Izmailov showed (7, 15] that the logarithm of the dissociation constants log K gig. of individual acids does 
not vary linearly with 1/D (as is the case in aqueous alcoholic solutions), but that the logarithm of the ratio 


of the dissociation constants of two acids does so, This indicates the specific character of the interaction of the 
proton with molecules of the solvent, 


A similar relationship is found to be the case in ion exchange in aqueous acetone solutions; in the case 
of the exchange of alkali metals for hydrogen log K does not vary linearly with 1/D, but the logarithm of 
the equilibrium constant in an exchange between two alkali metals, which constant is obtained by dividing the 
constants of exchange between these metals and hydrogen by each other, bears a linear relationship to 1/D 
(see Fig. 4), 


This means that in ion exchange reactions in water-acetone mixtures without the participation of 
hydrogen ions the influence of the acetone is confined to a change in the dielectric constant of the water 
and a linear relationship between log K and 1/D is obtained, In exchange reactions in which the hydrogen 
ion takes active part we have, in addition, the interaction of the proton with the molecules of the mixed 
solvent and the linear relationship between log K and 1/D no longer holds, 


In conclusion the authors wish to express their gratitude to M. V, Kuklanova and V, I, Slovetsky, 
who took part in the experimental work, 
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ADSORPTION OF WATER VAPOR ON SILICA GELS OF 
DIFFERENT DEGREES OF HYDRATION 


M. M. Egorov, T. S. Egorova, V. F. Kiselev and K. G. Krasilnikov 


(Presented by Academician M, M, Dubinin, December 14, 1956) 


As is well known,the adsorption of water vapor on silica gels exhibits certain specific features, Thus, 
in papers [1-4] a detailed investigation has been made of the irreversible adsorption of water vapor resulting 
from the additional hydration of the surface of a silica gel in the adsorption process, In papers [2, 5] it has 
been established that,depending on the degree of dehydration of the surface of silica gels and of porous glasses, 
the adsorption isotherm of water vapor passes from a convex to a concave curve corresponding to a hydrophobic 
surface, Dzterminations of the specific surface of silica gels from adsorption isotherms of water vapor give 
values which are usually considerably lower than those calculated from nitrogen adsorption isotherms, The 
reason for this does, apparently, lie in the assumptions made in estimating the “volume of the monomolecular 
layer," arp, as well as in the choice of the surface afea wy occupied by a water molecule in the monomole- 
cular layer (10,6 A* [7], 14,8 A® [8]). In accordance with data given in [9] the values of wy for water vary 
for different silica gels from 11,2 to 29,1 A®, However, in all these investigations the authors did not carry out 
an analysis of the chemical composition of the surface of the silica gels and porous glasses used in the measure - 
ments, In view of this it appeared to us of interest to undertake systematic investigations of water vapor ad- 
sorption on silica gels in relation to the degree of hydration of their surfaces, 


TABLE 1 
Adsorption Characteristics of Silica Gels Used 


Temperature | Specific Main pore | Structural water | Irreversible water adsorption 
Silica gel 2 
specimen of heat treat- diameter, after evacuation, 
ment, °C at 20° at 250° 
KSK-1 300 275 4.78 0.38 0.0 
KSK-2 300 400 4.12 0.32 0.0 
K-2 300 695 3.20 0.29 0.0 
K-2 500 620 1.74 1.93 1.19 
K -2 700 550 0.98 1.60 1.00 
K-2 900. 178 0.87 2.61 1.93 


In the present investigation we have used the same silica gel specimens as those which were used in 
investigations [6, 10], i.e., the silica gel K-2, obtained by hydrolysis of SiC, and carefully purified samples 
of the technical silica gels KSK-1 and KSK-2, In addition determinations were also carried out on samples 
of silica gel K-2 heated in air for 24 hours at temperatures of 500, 700, and 900°, As in the previous investi- 
gations [6, 12], the original samples were heat-treated at 300°, The specific surfaces of all the specimens 
investigated were determined by the BET method from nitrogen adsorption isotherms, The content of structural 
water in these specimens was determined previously [6], The characteristics of these specimens are given in 


Table 1, Determinations of adsorption were carried out in an adsorption apparatus including a quartz fiber 


spring balance, Before the actual measurements were made the samples were evacuated at a temperature of 
250°, 


In Fig. 1 are plotted adsorption isotherms 


uM/g of water vapor on the original silica gels and 
the distribution curves of the pore volumes 

2 according to their effective diameters which 
t were calculated from the desorption branches 

40 hee Be / after having taken into account the thickness 
nt of the adsorbed film. Similar measurements 

J on the heat-treated samples were not carried 

ber 3 out because on such treatment only the pore 


a 


volume of the silica gel changes, whereas their 
diameter remains practically constant [11], 

In Fig, 2, A are plotted the initial portions of 
the curves of primary adsorption of water vapor 


LT 
| on all the silica gels, referred to 1 m’ of the 
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surface, As will be seen from the diagram, in 
the case of three of the original samples which 


‘ were heat-treated at 300° the isotherms in- 


| pie ; dicate that for the same values of p/p, the 

PY amount adsorbed diminishes with decreasing 

degree of hydration of the surface; this is in 
a] accordance with the observed loweting of the 
0 a5 10 /p. heat of wetting of these samples by water [6]. 
, 7 Po 10 The states reached by water adsorption on the 
thermally dehydrated surfaces are not equili- 
brium states, because in this case hydration of 


Fig. 1, Adsorption isotherms of water vapor at 15° the surface may take place, However, for small 
on silica gels KSK-1 (1), KSK-2 (2) and K -2 (3), values of p/pg this process of hydration will 

In the diagram in the inset are shown the pore take place very slowly up to the point when 
volume distribution curves according to effective monomolecular coverage is complete [5]. If, 
pore diameter which have been calculated from therefore, we neglect the small change in 

the desorption isotherms (black points), surface hydration within the period required 


to reach adsorption equilibrium, the isotherms 
shown in Fig, 2, A for silica gels K-2 heated 
at high temperatures may be regarded as equilibrium isotherms, On comparing these isotherms with the previous 
ones it will be seen that they change their shape with progressing degree of surface dehydration and become 
convex, and also that the adsorption capacity of the silica gel decreases, 


The desorption isotherms for the initial samples (Fig. 2, B) and for the thermally dehydrated samples 
(Fig. 2,C) were determined after keeping the samples at p/ps = 1 for 48 hours, In all cases we observed an 
irreversible sorption of water,* As will be seen from Table 1 the values of irreversible sorption obtained 
after prolonged evacuation of the samples at 20° are very small, Subsequent determinations of adsorption 
on such surfaces give fully reproducible results which coincide with the desorption curve; this is in accordance 
with results reported in [4, 5]. However, if the original samples are evacuated at a temperature of 250°, the 
irreversible adsorption no longer takes place and subsequent adsorption measurements give results which coin- 
cide with the corresponding isotherms shown in Fig. 2, A, Thus, the experimental data obtained by us for the 
original samples indicate that the degree of surface hydration is different after similar thermal treatment [6] 
as well as after keeping the samples in an atmosphere of saturated water vapor, The structural water content 
of the original silica gels given in Table 1 is approximately equal to the maximum possible for each of these 
specimens [6, 17]. 
: For convenience of comparison desorption isotherms have been reduced to zero, i.e., the values of 
irreversible sorption of water have been subtracted from all ordinates, 
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The amount of water adsorbed irreversibly by the thermally dehydrated specimens of silica gel K-2 is 
large and remains fairly high even after evacuation at 250°, According to the data given in Table 1 the degree 
of surface hydration increases after each such treatment by comparison with the original degree of hydration, 
but it always remains below the degree of hydration of the original specimen heat-treated at 300°, From this 
it follows that even for values of p/ps = 1 the surface of the silica gel is not hydrated completely and that its 
original properties are not restored, a result which is contrary to the conclusions given in [5]. This is also 
confirmed by data given in (6, 16], This very slow process of surface hydration at low relative pressures can 
probably be explained by the fact that up to the point when monomolecular coverage is reached the adsorbed 
water molecules accommodate themselves rather loosely and that there is virtually no adsorption taking place 
on a considerable fraction of the surface which is capable of undergoing hydration, 


03 0 
Pp, 


Fig. 2, Initial portions of primary adsorption isotherms (A) and of desorption 
isotherms (B, C) on silica gels KSK~-1 (1), KSK-2 (2) and K-2 (3), heated at 
300°, and on silica gel K-2 heated at 500° (4) 700° (5), and 900° (6), The 
black points refer to desorption, 


Examination of the isotherms in Fig, 2 indicate that in the case of all the silica gels investigated the 
amounts adsorbed per unit area of the surface at identical relative pressures are not equal, Surfaces possessing 
a higher degree of hydration adsorb larger amounts, and vice versa, As a result the so-called “absolute™ ad- 
sorption isotherms of water vapor on different silica gels cannot be expected to coincide with each other [12], 
as is the case, for example, with the nonpolar molecules of nitrogen [10], This circumstance cannot be ex- 
plained as being due to the disturbing influence of the pores [13], In the paper [14] it was shown that in 
nitrogen adsorption a noticeable influence of the pores, leading to a distortion of the initial portion of the 
isotherms, begins only as we pass to silica gels of the very fine pore grade, The silica gels used in the present 
investigation were specimens of uniform large-pore size [15] for which the nitrogen adsorption isotherms, re- 
ferred to unit surface area, were found to be identical [10]. Since the dimensions of water molecules are 
smaller than those of nitrogen, the effect of the porosity of the adsorbent will, apparently, be even less than 

in the case of nitrogen, We may therefore assume that differences in adsorption capacity per unit area of 


all the silica gels investigated are due not to structural factors of the gels, but to differences in the chemical 
nature of their surfaces, 
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Since adsorption per unit surface area decreases with increasing degree of dehydration for all values of 
p/ps, the area available per one adsorbed molecule, w = 1 aN (where a is the amount adsorbed per unit 
surface area, N is Avogadro's number), increases, This indicates a looser distribution of the water mole- 
cules on the surface of the dehydrated specimens, In order to determine the surface area occupied by a 
molecule within the monomolecular layer it is necessary to know the "volume of the monomolecular layer,* 
am. The values of w» calculated for the original silica gels K-2, KSK-2 and KSK-1 from values of ayy 
determined from the desorption branches of the isotherms at point B, are, respectively, 55, 50 and 39 A? 
and are seen to decrease with increasing content of structural water on the surface of these gels, Values of 
am determined by means of the BET equation [9, 11] are considerably higher than those determined from 
the desorption curves at point B, Irrespective of the fact that on isotherms plotted in BET coordinates one 
can pick out an approximately linear portion, the BET equation is hardly applicable to the case of adsorption 
of water on silica gels because of the nonuniformity of the surface of the latter [6]. In any case, the area 
available per one water molecule is found to vary, even in the case of the most strongly hydrated silica gel 
KSK-1, between 39 and 22,5 A? within the p/p, range from 0,1 to 0,3, and is thus much higher than values 
of we quoted in the literature (10.6 and 14,8 A*), Values of an Corresponding to these values of w» lie 
aiready in the region of polymolecular adsorption and capillary condensation, 


It must be mentioned that several assumptions made in the literature with regard to the mechanism 
of water adsorption and surface hydration of silica gels [2, 4, 5, 17-20] and based on adsorption measure- 
ments as well as on studies of infrared spectra of surface layers, ate in direct contradiction to each other 
{20}. In order to elucidate these problems it is necessary to undertake further adsorption studies and at the 
same time to carry out spectroscopic investigations, 


The authors wish to express their gratitude to B, V, Ilin for his support and discussion of the results, 
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ON THE KINETICS OF ROTATIONAL ISOMERIZATION 
V. A. Pozdyshev, Yu, A, Pentin, and V. M, Tatevsky 
(Presented by Academician A, N, Frumkin, December 4, 1956) 


The potential barrier for the interconversion of rotational isomers (trans and bent forms) of the type 
of 1, 2-dichloroethane, CXY2 — CXYz, may be expressed in the form [1] 


—V = Vo + + — — 2V, + cos p — 
(— 2V, 2V, + 2V.) cos 29 — (Vp +.2V, — cos 39). 


In Fig, 1 is shown the plot of this function (Curve 1) for the transformation in the gaseous phase, In 
order to determine the potential function completely it is necessary to know the three parameters Vp, V;, 
and Vg. A knowledge of these parameters is necessary not only in order to be able to form a picture about 
the nature of restricted internal rotation and of rotational isomerism of molecules, but also in order to cal- 
culate statistically their thermodynamic functions, 


Ag 


ly 
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Fig. 1, Potential barrier curve for molecules of the type of 1, 2- 
dichloroethane, 


There are no direct methods for the determination of the constants Vy and V, of the braking potential. 
In general, in the case of molecules of the type of 1,2-dichloroethane, a certain effective value of the braking 
potential has been determined, for example, by comparing the entropy, calculated by applying the third law 
of thermodynamics, with the value calculated on the assumption of unrestricted internal rotation or certain 
other simplified assumptions with regard to the nature of the potential barrier (Vz = 0, Vy = Vo). One of the 
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three parameters mentioned above, namely V2, the difference in energies of the rotational isomers, 
can be determined accurately by experiment frou) the temperature dependence of the corresponding band 


(line) intensities of the infrared spectrum (Raman spectrum), making use of the well-known expression for 
the equilibrium constant of a mixture of rotational isomers, 


We are now going to show that in some cases the second parameter, V,, in the expression for the potential 
barrier function can be determined independently by studying experimentally the kinetics of isomerization of 
rotational isorners, Earlier we observed a simplification in the appearance of the infrared spectrum of crystalline 
propyl chloride, as compared with the spectrum of the liquid [2], We found that the molecule of propyl chloride 
is present in two spectroscopically distinct rotational-isomeric forms: 

Cx — trans-configuration 


and C, — bent configuration 


H H H 
7 
du, 


In the case of the solid phase at a certain temperature it is possible to observe a transition from the 
equilibrium present in a rapidly frozen vapor of the substance (both isomers present) to the equilibrium in the 
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Fig. 2, Curve representing the decrease in intensity of the 
1310 cm™! band of propyl chloride with time and temperature, 
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crystalline state when practically only the trans-isomer of the substance is present (2], In this investigation 
we succeeded in following the disappearance of a number of vibration frequencies in the spectrum of cry- 
stalline propyl chloride with time and within a definite temperature range, 


In Fig, 2 is shown the record of the decrease in intensity of the band at 1310 cm™ with time, which 
band we ascribe to the external distorting vibrations of the CH, group of the bent-isomer of propyl chloride, 


The process of the disappearance of several of the bands may, of course, be treated as a rotational isomeriza- 
tion reaction; 


Nbent > Nerans- 


This reaction can be described by the kinetic equation for a unimolecular reaction,which in this case 
will have the form 


Ny = (2) 
where Ng is the number of moles of the bent isomer present at time tp, N, is the number of moles of the 
bent isomer unchanged at the end of time t, K is the velocity constant of the reaction, 


To determine the velocity constant of the reaction it is necessary to know the ratio N,/No, which can 
be easily found, In fact, Igy = igy Noy, 11 = ig9g Ny, where ig, is the molar intensity of the bent isomer, Hence, 
Ny = The ratio is determined by experiment (Fig. 2). 


Having thus determined the velocity constant of the reaction for different temperatures within the tem- 
perature range in which the reaction takes place (Fig, 2), we have, by means of the Arrhenius- Van't Hoff 
A 
equation InK =H- aa , calculated the activation energy Asolid for the isomeric transformation in 


the solid phase, The value of 4800 + 500 kcal/mole thus obtained is quite reasonable, at least as regards its 


order of magnitude, It is possible to show that the value of Vy gas sought can be obtained with a high degree 
of accuracy in the form 


Vi gas = Vegas + Asolid. 
where Ago}id is the activation energy of the isomerization reaction in the solid phase, In Fig, 1, Curve II 
represents the potential barrier of internal rotation of the molecules with respect to the central C—C bond in 


the solid phase, As will be seen from Curves I and Il (Fig. 1), it is possible to write down the following re- 
lationships between the respective quantities referred to the gas and solid phase: 


Vi gas = Vegas + Agas, Visolid = V2solid + A solid, 


Vi gas = Visolid + L, Vegas = Vasolid + Le-L, 


where Ly, Lg, and L are the latent heats of vaporization at T = 0 of the pure racemic, bent, and trans forms, 
respectively, 


From these relationships it is possible to obtain the equations 
A gas = Visolid Vasolid + Le, 


Vi gas = Vagas + Visolid Vz solid + Le. 


Since each of the quantities L, and L2 are of the same order of magnitude as the expression V4 sojig — 
— Vesolid (a few kcal/mole), we have 


Ly Le << Vysolid V2 solid. 


| 
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and therefore 


Vigas * Vegas + Visolid Ve solid 


The value of Vy gas can thus be determined sufficiently accurately by studying the isomerization pro- 
cess in the solid phase, Having found the quantities V, and V, it is, obviously, possible to determine also the 
third parameter of the potential barrier curve, Vo, if we find the effective barrier by comparing the entropy 
determined experimentally with its value calculated statistically on the assumption of free internal rotation, 


The method of investigation of the kinetics of rotational isomerization reactions outlined here for the 
first time opens new interesting possibilities in the study of the phenomena of restricted internal rotation and 
rotational isomerism, 
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ON THE CHANGES IN THE ORDER OF SULFIDE LINKS 
IN IRRADIATED VULCANIZATES 


A, F, Postovskaya, M, A, Salimov, and A, S, Kuzminsky 


(Presented by Academician P, A, Rebinder, November 22, 1956) 


In the paper [1] we showed that vulcanizates of sodium-butadiene rubber, namely, polysulfidic* and 
tetramethylthiuram disulfide ** vulcanizates, which differ from each other in the type of cross-links, exhibit 
different stability toward light, The polysulfidic vulcanizate is the more stable one, When it is irradiated 
with ultraviolet light decomposition of the sulfur linkages takes place with the formation of free sulfur which, 
in contrast to elemental sulfur, does not take part in the photovulcanization process, i,e,, it is "inactive." The 
nature of this inactive sulfur and the change in the order of sulfide links in the above-mentioned vulcanizates 
brought about by irradiation have not been established, It was, therefore, impossible to answer unequivocally 
the very important question as to why the polysulfidic vulcanizate possesses greater stability toward light than 
the tetramethylthiuram vulcanizate, The present paper is concerned with the investigation of this problem, 


The investigation of the nature of sulfur linkages in vulcanizates is of essential importance, but the 
literature contains no record of satisfactory methods of determination of these linkages, Attempts to throw 
light on the nature of these linkages by means of chemical methods meet with considerable difficulties since 
it is impossible to separate sulfur structures present in the form of different sulfides, or identical sulfur structures 
which may be linked to the polymer chain in different ways, 


Thus, for example, using sodium sulfite [2] and methyl iodide [3] it is possible to determine only the 
relative sulfur content in the form of polysulfides, It must be noted, however, that the results of analysis using 
Na2SO, are affected in a complex manner by the order of the sulfide link and by the nature of the radicals Ry 
and R, in the grouping of the type R\-Sp—-R,, As the nature of this effect has not been established it is im- 
possible to interpret the results of such an analysis with any certainty, and this may, sometimes, lead to 
erroneous conclusions, This may be the reason why, when using this method, no polysulfide structures could 
be detected in the tetramethylthiuram vulcanizate [4], 


Equally, the method of exchange reactions using radioactive sulfur [5] and the thermo-mechanical 
method [6], based on the determination of strain relaxation in the vulcanizate at different temperatyres, do 
not permit of a satisfactory determination of the order of sulfides in sulfur structures of vulcanizates, Spectro- 
graphic methods have not been used specifically for the solution of this problem, The paper [7] deals with in- 
frared absorption spectra of the sulfur vulcanizate NK, The authors detected a weak absorption band at 600 cm™! 


Composition of the polysulfidic vulcanizate: rubber 100 parts, stearic acid 2 parts, zinc oxide 5 parts, 
sulfur 6 parts, diphenylguanidine 1 part, Vulcanization was carried out at 143° for 20 minutes, 


** Composition of the tetramethylthiuram vulcanizate: rubber 100 parts, stearic acid 2 parts, zinc oxide 


5 parts, tetramethylthiuram disulfide 3 parts, Vulcanization was carried out at 143° for 90 minutes, 


(a 

| 

- 
| 


which they ascribed to valence vibrations of the C—S bonds; no di- or polysulfidic links have been detected, 
Later infrared spectra of aliphatic sulfides and polysulfides have been studied in detail (8, 9]. It has been 
established that the valence vibrations of the C-S and S—S bonds (maximum at 600-700 cm“! (8) and 
430-490 cm”! [9], respectively) produce weak absorption bands in the infrared region, 


In view of the fact that the concentration of sulfur linkages in soft vulcanizates is low and lies on the 
threshold of sensitivity of infrared spectrographic measurements, this method could not have been used in our 
investigations, It appears that at present it is ultraviolet spectroscopy which is the most sensitive method for 
differentiating between the various sulfur structures, In the paper [10] the following absorption maxima have 
been reported for n-hexadecyl sulfides in alcohol and hexane: n-hexadecyl sulfide 2250 A, n-hexadecyl di- 
sulfide 2480-2520 A, n-hexadecyl trisulfide 2500-2600 A, n-hexadecy]l tetrasulfide 2900-3000 A, and for the 
hexasulfide and S, at 3200 A and higher, Comparing the data obtained by these authors with those reported in 
{11, 12] it may be concluded that absorption bands due to difference of sulfur linkages are quite intensive and 
characteristic of the particular type of linkage and depend little on the nature of the remaining portion of the 
molecule, As the order of the sulfidic linkage increases the absorption maximum is displaced toward the long- 
wave region of the spectrum, 


In view of the above it appeared to us of interest to apply ultraviolet spectroscopy to investigate the 
change in the order of sulfide linkage in sulfur structures of polysulfidic and tetramethylthiuram vulcanizates 
after irradiation with ultraviolet light, 


The investigation was carried out on vulcanizates the composition of which is given above, These vul- 
canizates were used in the form of films 10 y thick, after previous removal of free sulfur, accelerators and 
their decomposition products by extraction with a mixture of methanol and acetone for 100 hours in an atmos- 
phere of nitrogen, The films were irradiated with the filtered light of a mercury-quartz lamp PRK-2 of a wave- 
length of \ > 2900 A, from a distance of 25 cm, The absorption spectra were recorded on the universal mono- 
chromator ZMR-2 in the region 2200-7000 A, A quartz prism was used as the resolving system for the ultra- 
violet region, and a glass prism for the visible region, 


Experimental procedure was as follows; the spectra of films of polysulfidic and tetramethylthiuram 
vulcanizates, purified by extraction of free additives, were recorded first, The films were then irradiated for 
6 hours, followed by extraction for 100 hours after which their spectra were again recorded, In order to elimi- 
nate errors due to the experimenter himself, the same film was always used for recording the spectra, The 
reproducibility in parallel experiments was satisfactory— the experimental error did not exceed 1%, In order 
to determine the atomicity of free sulfur formed as a result of the decomposition of the sulfur linkages on 
irradiation of the polysulfidic vulcanizate, its spectrum in alcoholic solution was recorded and compared with 
the spectrum of elemental sulfur, likewise in alcoholic solution, 


The results of these experiments are reproduced in Figs, 1-3. 
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Fig. 1, Absorption spectrum of polysulfidic vulcanizate in the ultra- 
violet and in the visible region: 1) purified rubber; 2) extracted 
vulcanizate before irradiation; 3) extracted vulcanizate after 6 hours’ 
irradiation, 
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As will be seen from Fig, 1, there is an increase in the intensity of absorption in the range between 

2200 and 5400 A in the case of the polysulfidic vulcanizate (2) as compared with absorption by unvulcanized 
rubber (1). This increase is due to the presence in the vulcanizate of sulfide linkages of varying orders, The 
maximum in the region 2300-2500 A (Curve 2) is characteristic of mono- and disulfides, The maximum at 
3250 A is due to hexasulfides, Absorption at still longer wavelengths (> 3400 A) is evidence for the presence 
in the vulcanizate of yet higher sulfides, Irradiation of the polysulfidic vulcanizate results in a decrease in the 
intensity of absorption (Fig, 1, Curve 3), This decrease is due to the breakdown of polysulfidic linkages, and in 
this respect sulfides of higher orders are less stable than those of lower orders, 
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Fig. 2, Absorption spectrum of tetramethylthiuram vulcanizate in 
the ultraviolet and in the visible region; 1) purified rubber; 2) 
extracted vulcanizate before irradiation; 3) extracted vulcanizate 
after 6 hours" irradiation, 


In the case of the tertramethylthiuram vulcanizate (Fig, 2) the absorption maximum in the region 
2500-2600 A (Curve 2) corresponds to di- and trisulfides, The maximum at 2800-2900 A (Curve 2) indicates 


the presence of tetrasulfides, The decrease in absorption toward the longwave region indicates that the con- 
tent of sulfides of higher orders is insignificant, Irradiation of this vulcanizate is accompanied by the decom- 
position of polysulfidic linkages, mainly of hexasulfides and sulfides of higher orders (region 3200-4000 A), 


A comparison of Figs, 1 and 2 shows that both in the ultraviolet as well as in the visible region the 
tetramethylthiuram vulcanizate absorbs more strongly than does the polysulfidic vulcanizate, although the 
former contains only a quarter of the bound sulfur present in the latter, This is, apparently, due to the difference 
in the distribution of bound sulfur between the different types of sulfur linkages, It is known [10-12] that the 
intensity of the absorption bands differs with the type 
of sulfur linkage, Thus, the logarithms of the intensities 
of the absorption band maxima of different sulfides are 

as follows; hexasulfide (maximum at 3200 A) log € 

\ 4.0, tetrasulfide (2900-3000 A) log € 3,39, trisulfide 
(2500-2600 A) log € 3,22, disulfide (2480-2520 A) 
2 \ log € 2,63, and for the sulfide (2250 A) log € 2,2, The 
ar intense band at 3250 A observed in the case of the poly- 

\ sulfidic vulcanizate indicates that it contains a con- 
siderable proportion of the hexasulfide, while the 
%00 2800 3200 3600 in the region A indicates in- 
significant amouht of tetrasulfide, The decrease in 
absorption at wavelengths of 2480, 2500 and 2600 A 
indicates that the vulcanizate contains a relatively 
small amount of di- and trisulfides, A different situation 
is observed in the case of the tetramethylthiuram vul- 
Canizate; it contains, evidently, a considerable pro- 
portion of mono-, di-, tri- and tetrasulfides, while the 
content of sulfides of higher order is obviously low, 


Fig. 3, Ultraviolet absorption spectrum of; 
1) elemental sulfur (Sg) in alcohol; 2) in- 
active sulfur (formed as a result of decom- 
position of sulfur linkages upon irradiation 
of the polysulfidic vulcanizate) in alcohol, 
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It will be seen from Fig, 3 that the absorption region in the case of inactive sulfur lies between 2200 
and 3200 A while in the case of elemental sulfur it is much wider and extends from 2200 to 4000 A, This is 
evidence that the atomicity of inactive sulfur is lower than that of elemental sulfur, As the vulcanizates in- 
vestigated were irradiated with ultraviolet light of a wavelength > 2900 A, the inactive sulfur was activated 
to a limited extent in this absorption region and, as a result, did not take part in the photo-vulcanization, 
Elemental sulfur, on the other hand, was sufficiently activated in the region in question and, therefore, facilitated 
vulcanization of the rubber, 


Consideration of the experimental results brings us to the conclusion that the greater degree of stability 
toward light of the polysulfidic vulcanizate as compared with the tetramethylthiuram vulcanizate is due to 
the difference in absorptions in the ultraviolet region by the corresponding sulfur linkages of these vulcanizates, 


The authors wish to thank Professor V, M, Tatevsky, V. M. Gryaznov and V. D. Yagodovsky for 
their assistance with the experimental part of this investigation, 
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THE ISOTOPIC EFFECT IN TITLE COMPRESSIBILITY AND ASSOCIATION 


OF DEUTERO-ALCOHOLS 


I, B. Rabinovich, V. G. Golov, N. A. Efimova, and S, M, Rustamov* 


(Presented by Academician A, N, Frumkin, December 4, 1956) 


In the present work a study has been made of the ultrasonic velocity, a, and density, d, within a tem- 
perature range from 10° to 60-80° of the following alcohols; ClgOH and CIROD, C,H,OH and C,H;OD, 
CHOH and (CH CHg OH and Clg OD, CHCH,OU and (CHg),CHCH,OD, 
CellKCHOUCHs and CgzH;CHODCH,, as well as of deuterium oxide (up to 95°), The adiabatic compressibility 
was Calculated from the formula Bag = 1/a? d. In addition the osmotic coefficients of these alcohols were 


determined cryoscopically in benzene solutions in the concentration range of 0,2-1.7 mole/kg of the solvent, 


The deuterated alcohols were obtained by hydrolysis of the corresponding alcoholates of aluminum and 
magnesium with heavy water (99.6%), All the alcohols were carefully purified and freed from moisture, With 
the exception of the deuterated methy] alcohol the deuterium content in the hydroxyl group of the D-alcohols 

was about 99%, The deutero-methanot contained 


TABLE 1 30% of its hydrogen analog, Regarding this mix- 
Boiling Points of Alcohols ture as an ideal one we referred the determined 
(760 mm Hg) characteristics of this mixture to CIhOD, In the 


acoustical measurements a stabilized generator 
of ultrasonic oscillations of a frequency of 
Alcohol 1, °C 3 megacycles was used, Ultrasonic velocities 
were determined by an optical method with an 
error of 1-2 m/sec, The cell was kept at a con- 


CH,OH 64.6 |] CH,(CH,),OH 117.8 i i i 

CHACH OD 118.2 stant temperature thermostat operating with 
8.4 |] (CHy)eCHCH,OH 108.0 

79.1 | ions an accuracy of 0,05°, As will be seen from the 

(CHy),CHOH — | 82.4 |] C,H,CHOHCH, 99.5 densities in Table 2, the molar volume of the 

(CH,)sCHOD — | 83.0 |] C,H;CHODCH, 99.7 


deuterated alcohols is, within the temperature in- 
terval investigated, approximately 0.2% higher than 
that of their hydrogen analogs, 


The ratio of the molecular weight determined cryoscopically to that given by the formula decreases in 
the order: methyl, ethyl, n-butyl alcohol, and also, in the series n-, iso-, sec-butyl alcohol, This ratio is 
by 2-5% larger for the deutero-alcohols than for the corresponding hydrogen analogs (Fig, 1), Since within the 
concentration range investigated the benzene solutions of the alcohols cannot be regarded as ideal, these ratios 
do not constitute accurate values of the degree of association but represent the osmotic coefficients, It is clear, 
however, that the increase in this coefficient with rise in concentration of the alcohols is due to an increase in 
their deyree of association, 


* K. G, Fedyakova assisted with the cryoscopic measurements, 
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There are, likewise, no reasons to doubt that the 
data plotted in Fig, 1 indicate a decrease in the degree 
of association through the hydrogen bond in normal 
alcohols with increasing number of carbon atoms in the 
molecule, and that the degree of association of n-butyl 
alcohol is greater than that of its isomers, This corre- 
sponds with a greater screening of the hydrogen bond 
with increasing length of the hydrocarbon radical as 
well as with the branching of the molecule, and is also 
in agreement with the difference in the boiling points 
and latent heats of vaporization of the butyl alcohols [5]. 


| C,H,CHODCH, 


(CH,),CHCH,OD) C,H,CHOHCH, 
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Fig. 1, Ratio of the cryoscopic molecular weight 

to formula molecular weight in benzene solution 

as a function of alcohol concentration, 

1) CH,OH, 2) CH,OD, 3) C,H,OH, 4) C,H,OD, 
5) (CH3),CHOH, 6) (CHg),CHOD, 7) CHy(CH,),0H, 
8) 9) (CHy),CHCH,OH, 

10) (CHg)CHCH,OD, 11) CgH,;CHOHCH,, 

12) C,H;CHODCHsg , 
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Thus, the results of cryoscopic measurements in- 
dicate that the deuterated alcohols are associated through 
the hydrogen bonds to a greater extent than are their 
hydrogen analogs, This conclusion is also confirmed by 
the fact that, as will be seen from Table 1, the deutero- 
alcohols investigated boil at higher temperatures than 
the corresponding hydrogen analogs, and that, as has 
been shown earlier [2], substitution of the hydrogen in 
the hydroxyl of the alcohol by deuterium brings about a 
lowering of its vapor. pressure, 
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V. V. Tarasov suggested [6] that in the case of alcohols which exhibit chain association through hydrogen 
bonds, compression occurs mainly along the weaker van der Waals* bonds between the chains (associates) and 
not along the lines of action of the relatively strong hydrogen bonds, This is confirmed by the results of our 
compressibility measurements, As will be seen from Fig, 2, the compressibility of the alcohols investigated 
decreases in the homologous series from methyl to n-butyl alcohol by 20%, although as has already been 
mentioned, the degree of association through hydrogen bonds decreases in the same order (Fig. 1), This is 
explained by the fact that with increasing number of carbon atoms in the molecule the polarizability of the 
latter increases, resulting in a corresponding increase in the disperse interaction between the chains [7], 


Iso- and secondary butyl alcohols possess a higher compressibility than their normal primary analog, 
From a comparison of our data for isopropyl alcohol with the results given by Eucken [3] for n-propyl alcohol 
it follows that the compressibility of the latter is lower than that of its isomer, Finally, 1, G, Mikhailov [8] 
showed that the compressibility of n-hexyl alcohol is lower than that of its isomers, Thus, alcohols with a 
branched structure of molecules are characterized by a higher compressibility than are primary n-alcohols, 
This is explained by the fact that branching of the molecule leads to a decrease in the energy of intermole- 
cular interaction on account of the lowering of the degree of association through the hydrogen bond as well as 


a weakening of the van der Waals* interaction between individual chains, an effect which is of decisive im- 
portance as regards compressibility, 


In the case of all the deutero-alcohols investigated the ultrasonic velocity was lower by 10-20 m/sec 
than in the case of the corresponding hydrogen analogs (see Table 2), The compressibility of the deuterated 
alcohols is greater than that of their hydrogen analogs, the isotopic effect amounting to 1-2%, with the ex- 
ception of the secondary butyl alcohols for which the difference in compressibility is of the same order of 
magnitude as the experimental error (0.2%), In the case of the isotopic analogs of methanol] the decrease in 
the relative difference in compressibility with rise in temperature is very evident, 


cm?/dyne 


Fig, 2, Adiabatic compressibility of normal and 
deuterated alcohols; 1) CH;0D; 2) CHgOH; 
3) CgH,OD; 4) C,H,OH; 5) (CHy)CHOD; 

6) (CHy)CHOH; 7) (CHy)CHCH,OD, 

8) (CH3)CHCH,OH; 9) C,H;CHODCH,; 


Fig. 3. Isotopic effect in the density (d), ultrasonic 
velocity (a) and adiabatic compressibility (Baa) 

of heavy water, The different points on curve 
ap,0 denote: 1) authors’ data; 2) data of 


Lagemann and co-workers [9 3) Heusinger [11]; 
10) CgH,CHOHCHg; 11) CHy(CH,),0D; 4) Pancholy [10]. 
12) CHa(CH,}OH, 
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On the basis of the above considerations the isotopic effect in compressibilities observed by us means 
that in the case of the deuterated alcohols the interaction between individual chains (interaction between 
associated molecules through van der Waals" forces) is somewhat weaker than it is in the case of their hydro- 
gen analogs, 


In Fig, 3 are plotted the ultrasonic velocity, density and compressibility of water and deuterium oxide 
determined by ourselves as well as those reported in the literature, Up to a temperature of 40° the ultrasonic 
velocities reported by Lagemann and co-workers [9], as well 


TABLE 3 as those reported by Pancholy [10] are in agreement with our 

Adiabatic Compressibility , own data within 1-2 m/sec, The data reported by Pancholy 
cm® , os for higher temperatures are, evidently, very high and the 

8p,0 dyne 7 conclusions based on these data with reference to the inter- 


section of the 8—t curve for D,O and H,O at about 50° are 
unfounded, Our results for ultrasonic velocity in D,O within 
the temperature range of 10-90° are in agreement with data 
reported by Heusinger [11] within about 1 m/sec (0.07%), 
The densities of D,O were taken from data published recently 
{12}. 


8 ft, °C 8 


The existence of a minimum of the compressibility- 
60 43.15 temperature curve and of a maximum of the density curve 

in the case of water is explained as being the result of the 

superposition of two effects observed with a rise in tempera- 

ture: the increase in the intensity of thermal motion (in- 
crease in compressibility) and the transition of water from a state of a high degree of association to one of a 
lesser degree of association, accompanied by a more dense packing of the molecules (decrease in compressi- 
bility), The fact that the compressibility of D,O exceeds that of H,O by 2,.5-3,.5% and that the minimum of 
the curve lies 1° above that for water (65 and 64°, respectively) means, we suggest, that in the case of heavy 
water the decrease in the degree of association with temperature lags behind that observed for normal water, 
This corresponds to an increase in the degree of association through hydrogen bonding, and, evidently, also to 
a decrease in the extent of van der Waals" interaction in the case of D,O as compared with H,O, This treat- 
ment of the problem is in agreement with the well-known isotopic effect observed in the temperature of 
maximum density [9], in thermal properties (3, 14], as well as in the solubility and solvent power of D,O [4], 
The decrease of ultrasonic velocity with substitution of deuterium for hydrogen in the compounds investigated 
is, to some extent, directly caused by the increase in molecular weight [15]. 


The authors wish to express their gratitude to Corresponding Member of the Academy of Sciences, U.S.S.R., 
A. I. Brodsky for his advice and discussion of the results, 
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INVESTIGATION OF THE KINETICS OF SUPERSATURATION WITH REFERENCE 
TO THE FORMATION OF CRYSTALLIZATION STRUCTURES IN THE 
HARDENING PROCESS OF GYPSUM 


E, E., Segalova, V. N. Izmailova, and Academician P, A, Rebinder 


Two types of structures may be formed in disperse systems — coagulation structures and crystallization 
structures [1]. One of the widespread types of the latter structures is that formed in the process of hydration 
hardening of mineral binding materials, The strength of hardening structures results from the formation be- 
tween individual crystals of hydrates, crystallized from supersaturated solutions, of strong intercrystalline con- 
tacts, that is, of points of direct junction, Such crystallization contacts are thermodynamically unstable 
structures [2] and their formation under the usual conditions is possible only in systems of a sufficiently high 
degree of supersaturation, 


Mechanical destruction of crystallization structures in the course of their formation is irreversible even 
when the process of hydration is still far from being complete [1], The continued hydration and the resultant 
crystallization of the dihydrate under these conditions do not bring about the formation of a crystallization 
structure, This can be explained only by the fact that in this case favorable conditions for the formation of 
intercrystalline contacts between individual microcrystals of the dihydrate of gypsum are absent, Evidently, 
this is due to the accumulation of a large quantity of the dihydrate in the suspension, 


The degree of supersaturation and its variation with time in suspensions of the hemihydrate of calcium 
sulfate can be conveniently studied conductometrically, In our experiments we used the 6 -hemihydrate having 
an apparent specific surface of S = 3060 cm*/g, In Fig, 1 is represented the variation with time of specific 
conductivity, being a measure of the concentration of calcium sulfate or of the degree of supersaturation in 
suspensions containing different amounts of the hemihydrate, at a temperature of 25°, Conductivity deter- 
minations were Carried out by the usual method using alternating current, 


First of all it must be noted that in all suspensions of the hemihydrate containing more than 8 g of 
CaSO, per liter there is the same maximum degree of supersaturation [3, 4] corresponding to a concentration 
of 8.0 g of CaSO, per liter in the liquid phase of the suspension, a value which is accepted as the “solubility” 
of the hemihydrate, This constant and high degree of supersaturation in the aqueous phase of the suspension 
remains unaltered as long as the rate of removal of Ca‘* and SOg~ ions from the solution due to the crys- 
tallization of the dihydrate is compensated by the rate at which these ions pass into solution, As will be 


seen from Fig, 1, the higher the concentration of the disperse phase the earlier does the decreasé in super- 
saturation set in and the faster does it take place, 


Figure 2 shows the variation with time of the specific conductivity of suspensions of calcium sulfate 
hemihydrate containing different amounts of added dihydrate, The microcrystals of the dihydrate act as 
ready-made crystallization nuclei thus accelerating the crystallization of gypsum, As a result, in suspensions 
containing the dihydrate in amounts up to 30% of the solid phase there is a decrease in the period during which 
the degree of supersaturation, having been attained rapidly, remains constant, Addition of more than 30% of 
the dihydrate to the solid phase increases the rate of crystallization of the new phase to such an extent that 
the maximum degree of supersaturation cannot be attained and there is a sudden sharp decrease in supersaturation 


| | 


of the suspension, The amount of the diliydrate present in the system which will just prevent attainment of 
the maximum level of supersaturation, should increase with decreasing degree of dispersion of the dihydrate 
and with increasing degree of dispersion of the original hemihydrate of gypsum. 


° 


caso,-2H,02 
120 min 


Fig. 1, Variation of specific conductivity with time in suspensions containing different 
amounts of CaSO, +*0.5 H,O per 500 ml of water: 1) 6g; 2) 10g; 3) 25 g; 
4) 50g; 5) 150g. 


The dependence of the degree of supersaturation on the dihydrate content of the suspension provides an 
explanation for the effect of additions of the ready-made new phase, the dihydrate, on the strength of the 
structure formed in the hardening process, Figure 3 represents the kinetics of structure formation in terms of 
the increase in plastic strength of pastes containing 30% of the hemihydrate of gypsum and 70% of a filler 
(5, 1, 2] (a mixture of ground quartz sand and the dihydrate of gypsum), Curve 1 corresponds to the original 
suspension without added dihydrate; Curve 2 corresponds to a suspension containing a small amount of added 
dihydrate, This addition of the dihydrate has the effect of shortening the induction period of structure forma- 
tion [5, 1], ise., it accelerates the hardening process, but does not affect the ultimate strength of the structure, 


CaSO, 24,0 
50 min 


T 


Fig. 2, Variation of specific conductivity with time in a suspension of 25 g 
CaSO,4- 0.5 H,O in 500 ml of water during addition of dihydrate: 1) 0; 2)1 g; 
3) 3 g; 4) 10 g; 5) 20 g; 6) 25 g; 7) 50 g; 8) 75 g; 9) 100 g of CaSOg* 2H,O. 


Subsequent curves in Fig, 3 correspond to increasing amounts of added dihydrate; the process of hardening 
is accelerated with each addition of the dihydrate, but the maximum strength of the structure decreases pro- 
gressively, 
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On substituting half or all of the sand for the dihydrate Curves 6 and 7) the strength of the crystallization 
structure is reduced 30-60 fold as compared with the normal strength of a corresponding mixture of mineral 
gypsum with sand, without the addition of the dihydrate, It must be mentioned that in these experiments hy- 
dration of the hemihydrate was always complete and hydration kinetics was always in complete agreement 
with the kinetics of structure formation [1]. 


5 min 


Fig. 3, Kinetics of structure formation in systems containing 30% of » 
CaSQy*0.5 ZO and 70% of filler (mixture of different amounts of 
sand and the dihydrate), Water/solids ratio = 0.5, 


The decrease in maximum strength of the crystallization structure of gypsum observed in these experi- 
ments is due to the lowering of the maximum level of supersaturation which can be attained in the presence 
of added dihydrate (Fig, 2), The lowering of the degree of supersaturation (reduction of the period during 
which supersaturation is maintained) reduces the probability of the growing together of microcrystals, i,e., 
of the formation of intercrystalline contacts, In suspensions with a high dihydrate content only a low level of 
supersaturation is attained and is maintained for a comparatively short time, Under these conditions there is 
practically no formation of crystallization contacts and, consequently, no hardening structure is formed, 


These are the reasons why, in suspensions in which a large quantity of the dihydrate has accumulated as 
the new phase continued, hydration hardening is prevented when the incompletely formed crystallization 
structure is broken down mechanically, 


On the basis of these considerations it is now clear that in suspensions of highly disperse gypsum dihydrate 
which has been proposed by some authors [6] as a specific binding material, hardening through crystallization 
cannot take place under normal conditions; the high levels of supersaturation to which the colloidal fraction 
present in finely ground material can give rise, cannot be attained on account of the presence of a large quantity 
of the dihydrate, and recrystallization of particles of colloidal dimensions will not cause the microcrystals to 
grow together, but will promote their free growth individually, 


In systems of this type and of sufficiently high density, as also in clays, structural strength depends on the 
removal of water by drying and on the resultant strengthening of coagulation contacts between the microcrystals 
on their extreme approach, As is well known, such structures, unlike the crystallization structures, are very un- 
stable toward water, i,e,, when moistened they completely lose their strength because of the reversibility of 
changes in strength of coagulation contacts with changing thickness of films of water separating the particles [7), 
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THE THERMAL DECOMPOSITION OF NITROCELLULOSE IN VACUUM 


K. K. Andreev and B. S. Samsonov 


(Presented by Academician V. N. Kondratyev November 17, 1956) 


It is known that the thermal decomposition of nitrocellulose, although it is highly accelerated by failure 
to evacuate the gaseous decomposition products (see, for example, [1]), proceeds at a constant rate of evolu- 
tion of gaseous nitrogen compounds when it is carried out in a current of inert gas [2]. This constancy of the 
absolute rate over a considerable portion of the disintegration indicates, however, a substantial increase in the 
relative rate. It might be supposed that the cause for this increase is to be found in the incomplete removal 
of the disintegration products during the break- down in a current of inert gas. In order to test this supposition 
A. D. Lebedev (1954) studied the decomposition of nitrocellulose under a continuous evacuation of the product 
gases at a pressure which did not exceed 5.10 mm of Hg. For determining the rate of gas evolution, the pumps 
were momentarily cut off; the increase in the pressure, as determined on a McLeod gauge, served as a measure 
of the rate of gas formation. Between the decomposition chamber and the manometer there was a liquid nitro- 
gen trap, so that the pressure as measured was that due to the formation of those gases which, condensing with 
difficulty, were not retained in the trap. Contrary to expectations, the experiments of Lebedev showed that, 
under the indicated conditions, the absolute rate of gas formation did not decrease in the course of decompo- 
sition but increased by several fold (up to 8 times). 


In connection with these results the decomposition of nitrocellulose (13.35% N) in vacuum was investigated 
in greater detail. In addition to determining the amount of the difficultly condensing gases there was at the 
same time measured the rate of formation of those gases which were caught in the trap. This was achieved by 
the use of two traps which were connected in parallel and alternately cut into the line, After working for a de- 
finite period, one of these traps was disconnected, the pressure of the decomposition products which arose as the 
result of its warming to room temperature was measured with a membrane manometer, and the volume of the 
gases calculated by the Clapeyron law. At the same time the loss in mass of the sample was determined with 
the aid of a MacBain balance. Experiments were carried out at various temperatures (160- 135°). 


The curves of Figure 1 show that, at 160°, the rate of formation of the gases condensed in the trap is great- 
est at the initial instant and continually falls, whereas the rate of production of those gases which are not caught 
by the trap increases in conformity with the data of Lebedev: relatively small at the beginning, it increases by 
7-8 fold to a maximum and approaches the rate of formation of the condensable gases. After passing through 
this maximum, the rate of formation of these difficultly condensable gases diminishes. The volume of these 
gases amounts to from 44 to 4% of the total volume of the gaseous disintegration products. In conformity with 
the described course of the two rate curves, the net rate of gas formation remains approximately. constant over 
a certain interval of time-— up to the onset of the maximum in the curve for the formation of the difficultly 


condensable gases— and then sharply falls. The same picture of the decomposition process is supported by the 
loss in weight curves. 


From the graph showing the dependence of the rates of gas formation on the temperature(Fig. 2) it is pos- 
sible to calculate( Table 1) the kinetic coefficients of the Arrhenius equation. The values of E and B for the 
rate of decrease in mass and the rate formation of the condensable gases are practically the same. Here E is 
Close to the energy of activation of the initial process in the decomposition of the alkyl nitrates which supposedly 
involves the breaking off of the NO, groups [3]. In turn, these quantities are very close to the values of Will [2] 
which were obtained from the breakdown of nitrocellulose in an inert gas current (k = 10!7°5-e"49™RT) During 


decomposition without evacuation of the gases, the velocity of gas formation is considerably greater and its 
temperature dependence is less pronounced; correspondingly B is also less. 


It is to be seen from curves in Figure 1 that the dependence of the rate of gas formation on time during the 
decomposition of nitrocellulose in vacuum is different for the condensable and for the difficultly condensable 
gases. This difference is difficult to explain without having recourse to the supposition that at least two conse- 
cutive reactions are taking place during the decomposition. Judging from the character of these curves, the 


cem'/ghr g/g-hr cm’/ hr g/g-hr 
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cm*/ghr g/g-hr 
307-9015 
Fig. 1. Curves showing the change of rates 


with time during the decomposition of ni- 
trocellulose at the temperatures 160, 150 

and 145°: 1) difficultly condensable gases; 

2) condensable gases; 3) sum of the diffi- 

cultly condensable and the condensable gases; 
4) decrease in weight; 5) gas formation with- 
out evacuation of gases( at 160° m/v =15.8+1074 
g/cm’; at 145* m/v = 13.910°4 g/cm); 6) gas 
formation at quasi- constant pressure. 


2000 


formation of the condensable products should be looked on as the result of the primary processes. The forma- 
tion, in addition to the condensable gases, of a nongaseous intermediate product of limited stability, the subse- 
quent transformation of which is. accompanied by the production of difficultly condensable * gases, would give 
that overall picture of the decomposition process which is actually observed in practice. 


It is true however that even the formation of the condensable gases cannot be considered as a simple mono- 
molecular reaction. Although at 160° there is observed a continuous decrease of rate with time according to a 
law which is close to that for a first order reaction, at still lower temperatures there is a considerable departure 
from this relationship, such as would exist if this reaction were in turn a combination of two successive (or paral- 
lel) reactions. Thus at 150 and 145°(Fig. 1) the decrease of the rate of formation of the condensable products 


proceeds slowly at the beginning; over a considerable period of time this rate remains constant. As a result the 
overall rate of gas formation markedly increases. 


+ It should not be thought that through this proposed reaction there can be formed only gases which are dif- 
ficultly condensable; simultaneous production of condensable gases is also possible, in which case the rate of 
formation of these gases is the sum of the rates of the two reactions. 
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It follows from the facts just described, that such integral characteristics of decomposition as the overall 
rate of gas formation or the loss of mass are, in the case of nitrocellulose, the results of combining a series of 
reactions and cannot be directly employed for the calculation of the kinetic parameters of the separate reactions. 


TABLE 1 


The Kinetic Coefficients of the Reaction Rates for the Thermal Decomposition of Nitrocellulose in Vacuum at 
135- 160° 


The initial values of the velocity | E, cal/ 
The nature of the reaction eT log B 
constants, K, sec “+10 


h thod of 
according to which the /mole The method o 


velocity constant i u- 145° 150° 160° . 
lated 


Loss in mass* 0.33 0.65 2.4 é By combination of 
curves showing loss 
in weight with time 


Formation of gases According to the initial 


rates of gas formation 
Formation of condensable 


Formation of difficultly 


condensable gases By combination of the 


curves in the coor- 
dinates Av/Ar =f (r ) 
Gas evolution without eva- 


cuation of the gases ** By combination of the 


curves p = f (7) 


* The velocity constant for the loss in weight was calculated relative to the loss in weight at 7,,; that for 
the formation of gas, relative to the volume of the gases which were evolved at 7... 
These experiments were carried out at 100-170". 


The experiments described above refer to the decomposition in vacuum. By carrying our pressure measure- 
ments with the membrane manometer [4] there was also studied the decomposition of nitrocellulose in a closed 
volume and the influence of certain additives on this decomposition. In line with earlier investigations [1], it 
was confirmed that the formation of gas proceeds under these conditions with a marked acceleration. At the 
same time the amount of gas which is formed is considerably greater than that produced in vacuum decomposi- 
tion and the weight of the solid residue is less. 


The acceleration of the gas formation is greater, the larger the amount of nitrocellulose per unit volume 
of the vessel, i.e., the greater the pressure of the decomposition products. Acceleration of the gas formation 
was, however, also observed in experiments at quasi- constant pressure, in which the pressure was allowed to rise 
to asmall fixed value(20 mm of Hg), after which the gases were rapidly pumped away. Even in this case the 
velocity considerably increased with time (approximately twofold), from which it follows that, in conformity 
with the experiments in vacuum, the acceleration of gas formation during the decomposition of nitrocellulose 
is determined by factors other than the mere increase in the concentration of the gaseous decomposition products. 


The intial rates of gas formation in vacuum and without evacuation of the gases are practically the same; 
the maximum velocity in the latter case( m/v = 10-20-107* g/cm?) is only 34 times greater than at 5*10™“mm, 
i.€., in a pressure only one millionth as large. Otherwise expressed, the accelerating action of the gaseous de- 
composition products on the breakdown is so insignificant that there is scarcely a basis for considering it to be 
Catalytic. It is also weakly dependent on the pressure in the region of small pressures. The transition from ex- 
periments at quasi- constant pressure, wherein the mean pressure amounts to 10 mm, to experiments in which 


there was no evacuation of gases and Pyyax, = 500 mm, increases the rate of gas formation merely by twofold. 
For further increase of the pressure at the maximum(Av/Ar ) ax, increases almost proportionally to this pressure. 


220' 230 


Fig. 2. The dependence of the velocity constants on 
the temperature; 1) formation of difficultly conden- 
sable gases; 2) formation of condensable gases; 3) 
total gas formation; 4) loss in weight; 5) gas forma- 
tion without evacuation of gases. The constants are 
plotted in the graph in terms of various arbitrary units; 
for their absolute values see Table 1. 


In light of the data which have been obtained, it is likely that the influence of the gaseous decomposition 
products is to be found principally in the interaction of their reactive components with one another and with 
the solid substance, this leading to the formation of additional quantities of gases. 


Experiments on the decomposition of nitrocellulose in the presence of oxygen have shown that the latter 
retards gas formation at the beginning of the experiment but leads in the sequence to a sharp acceleration of 
the breakdown. The presence of water vapors in itself weakly accelerates the evolution of gases during decom- 
position; however in the presence of water and oxygen together there is an induction period, in the course of 
which the pressure practically remains unchanged, following which there sets in a sudden decrease in pressure 
and then a sharp acceleration of gas liberation. Thus the picture of the decomposition which is found in the 
literature (see for example [5]) and which is considered as being fixed by the action of water, is in actuality 
determined by the mutual action of water and atmospheric oxygen, in the presence of which these experiments 
are usually initiated. The difference between nitrocellulose and nitroglycerin, the decomposition of which is 
accelerated by water even in the absence of oxygen [6], obviously results, first of all, from the fact that in the 
case of nitrocellulose the nitrogen peroxide which is split off is rapidly reduced to nitric oxide, no acid is formed, 
and hydrolysis in their absence proceeds slowly. Oxygen, oxidizing NO, assures an adequate concentration of NO, 
and acid. It is true that according to our experiments nitric oxide also gives rise to an acceleration of the 
breakdown of nitrocellulose, but this action is much weaker than that of nitrogen peroxide, nitric acid, or, es 
pecially, sulfuric acid. We would like to add that the action of nitric acid has been studied both in the presence 
of water and in its absence. In the former case the acceleration is considerably greater. It should also be pointed 
out that in the decomposition of nitrocellulose in the presence of NO, or nitric acid, the curves showing the 
change of rate with time have two characteristic maxima; their magnitude and time at which they put in their 
appearance depend on the amount of nitric oxide or acid. 
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THE EXPLOSIVE DECOMPOSITION OF HEXOGEN 


A. Ya. Apin and Yu. A. Lebedev 
(Presented by Academician V. N. Kondratyevy December 26, 1956) 


In a number of investigations [1-3] reference has been made to the dependence of the reaction of explo- 
sive decomposition on the density, the size and form of the charge, the power of the initiator and the strength 
of the casing. The action of these factors to a considerable degree determines the pressure change in the de- 
tonation wave front and the influence of pressure on the reversible reactions : 


2CO CO, + C 41.2 kcal ; (1) 
CO Hy C H,O + 31.4 keal ; (2) 


H,0 -}- CO .* CO, -++ Hy -}- 9.7 keal 
(3) 


The heat of explosion and the volume of the gaseous explosion products have been determined for trotyl, 
tetryl, picric acid and a series of other explosives which have a negative oxygen balance. However, until re- 
cently, the heat of explosion for hexogen (cyclotrimethylenetrinitramine) has been presented on the assumption 

that its value is independent of the explosion conditions, and 
TABLE 1 of the charge density in particular, 


The Heat of Explosion of Hexogen at Various In (4, 5] there is accepted for the heat of explosion of 
Initial Charge Densities (kcal/kg) hexogen a value of 1370-1390 kcal/kg when the water is in 
liquid form or 1290-1370 kcal/kg when the water is in the 
vapor. Tonegutti [6] determined the heat of explosion for 
compacted hexogen as Q = 1370 kcal/kg. Medard [7] gives 
a still more exact value of Q = 1359.5 kcal/kg but does not 
indicate to what charge density of the hexogen this value 
a Hing of heat of explosion refers. There is, however, no point in 
70 1330 determining the heat of explosion with high accuracy if con- 
-00 1370 stancy of explosion conditions is not observed. 
15 1400 
‘. ia For full explosion it is most essential to maintain con 
“7h 1500 stancy of charge density. As we have experimentally deter- 
.78 1510 mined, the heat of explosion of hexogen rapidly increases with 
increasing charge density. These experiments were carried 
out in the following manner. The hexogen charge of 30-50 g 
weight and 20-30 mm diameter was inserted in a cylindrical 
copper casing with a wall thickness of 3-4 millimeters and was suspended in the center of a steel calorimeter 
bomb of 4.75 2 volume and 250 kg weight. Prior to explosion, the air was removed from the bomb with the aid 
of a vacuum pump, the pressure being reduced to 0.1-1.0 mm of Hg. In these experiments carefully dried hexo- 
gen with a melting point of 202- 203° was employed. High density charges were prepared by molding and charges 
of low density were obtained from finely precipitated hexogen. 


for liquid 
water 


p»g/cm® 


— | 
| 


In Table 1 there are shown values for the heat of explosion of hexogen and their dependence on the 
charge density. The experimental error amounted here to less than 1%. 


As is to be seen from Table 1, a variation of charge density from 0.50 to 1.78 g/cm’ alters the heat of 
explosion from 1290-1510 kcal/kg. This is a linear relationship (Fig. 1). 


Experiment shows that the reaction of explosive transformation of the hexogen and, consequently, the heat 
of explosion, the volume and the composition of the explosion products strongly depend on the initial density 
of the explosive. The heat of explosion is not constant for 
the explosive. If it is agreed to refer the heat of explosion 
to a definite charge density of the explosive material, then 
for hexogen at p= 1.00 g/cm’, Q = 1370 kcal/kg for water 
A in the liquid form and-Q = 1270 kcal/kg for water as vapor. 


kcal/g 


ad By changing the charge density there is also altered the 
i a volume and the composition of the products of the explo- 
sion of hexogen; solid carbon appears in these products, In 

Table 2 data are presented pointing to the influence of the 
initial charge density on the volume and composition of the 

14 18g/cm$ explosion products. By increasing the density from 0.50 to 
aera 1.78 g/cm’, the content of carbon dioxide in the explosion 
products is increased, whereas the gas volume diminishes by 
more than 10%. 


Fig. 1. The relation between the heat of explo- 
sion of hexogen and the initial charge density: Under an initial hexogen density of p =1.10g/cm* the 
1) water in liquid form; 2) water as vapor. resulting explosion products have the following composition 

(in percent by volume): CO, 10.47; CO 22.64; H,O 23.97; 
CH, 0.68; N» 33.78 and Hy 8.46. On the basis of these data it is possible to set up an approximate equation 
for the explosive decomposition of the hexogen at p = 1.10 g/cm’, 


CsHgOgNe~> 0.93 CO, + 2.01 CO + 2.13 H,O + 


+ 0,06 CHg + + 0.75 Hg. (4) 


A comparison of the heats of explosion as obtained from calorimetric measurements and from the analysis 
of the explosion products shows the agreement to be good, Generally speaking, if it is presumed that in the 
explosion of a charge of high density all of the carbon monoxide goes over into the dioxide and free carbon, 

the heat of explosion of the hexogen at the limit would be 
TABLE 2 still higher — up to 1650 kcal/kg. For a correct evaluation 
of the magnitude of the heat of explosion it is of course ne- 
cessary to take into account the extent of displacement of the 
equilibria in the explosion products under the conditions of 
high pressure prevailing in the detonation wave. At the pre- 
sent time satisfactory data as to the heat, temperature, compo- 
V, liters/kg sition and volume of the explosion products can be obtained 


p.g/cm® |forliquid) water through calculation. 
ater vapor 
_ vap 


The Volume and the Composition of the Ex- 
plosion Products from Hexogen at Various 
Charge Densities 


The most important result which follows from this work is 

the fact that in the narrow zone of the detonation wave rever- 
= pa a sible processes are to be a considerable degree established in 
639 820 : the explosion products and over the longer period of the dis- 
persion of these products there is no essential displacement of 
these equilibria in the reverse direction, i.e., there is an ex- 
tremely strong “quenching” of these equilibria, 


Thus, the experimental determination of the heat of explosion, the composition and the volume of explo- 
sion products in the steel bomb makes it possible to obtain data which more or less indicate the true picture of 


“Le 
‘ala 
1300 

06 
| 

0.50 

1.00 

1.78 
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the processes occurring under the conditions prevailing in the detonation wave. A change in the "quenching" 
regime and a more exact determination of the heat of explosion and the composition of the explosion products 
for explosives in the makeup of which there are metallic and inert additives of various degrees of dispersion, 


would make it possible to establish a more correct conception as to the mechanism of the reactions in the de- 
tonation wave. 


The determination of the Leat of explosion and the composition of the explosion products for explosive 


charges whose diameter approaches the critical value would permit the estimation of the pressure drop in the 
detonation wave and the magnitude of the loss. 
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THE ADSORPTION OF HYDROGEN ON NICKEL FILMS CONDENSED 
IN HIGH VACUUM 


N. N. Kavtaradze 


(Presented by Academician A, N, Frumkin, November 27, 1956) 


The nature of the adsorption of hydrogen on metals is at the present time not clear, For studying this 
phenomenon we have made use of films which were obtained by vaporizing metals of high purity, It turned 
out that there were to be distinguished two groups of metals which sharply differ from one another in regard 
to the character of their adsorption of H, [1-3], The data applying to the adsorption of H, on nickel permits 
the description of the peculiarities of the metals belonging to one of these groups, Films were prepared in a 
round bottom flask of 200 cm? inner surface area, which was sealed to a vacuum line, Avacuum of = 1 - 
1.5°107? mm of Hg was obtained by diffusion pumps working on octoil S, and two liquid nitrogen traps, The 
adsorption of Hg (and also of Kr, in the measurement of film areas) was determined at temperatures ranging 
from — 195 to 100° and under pressures from 10~® to 2-4+10™* mm of Hg by the admission of portions of the 
gas and also by the method of gas in leakage through a capillary tube [4, 5]. The pressure was measured with 
a Pirani manometer, The influence of the thermal effusion was taken into account by the method proposed 
by us in [6]. The Ni films were obtained by the electrical heating of Ni spirals (Ni 99.97%, Fe 0.018%, 


C 0.010%, and Si 0.010%), The electrolytic H, which was employed in the investigation was finally purified 
by diffusion through a Pd capillary, 


The experimental procedure consisted of; degasing the vaporizer in a secondary vacuum line; heating 
the reactor with the vaporizer to 450° for 5 hours under a vacuum of ~ 2° 107? mm Hg; determining cali- 
bration curves (by inleakage into the empty reactor) at 0° and at the experimental temperatures; heating the 
reactor to 450° in a vacuum of ~1-2,5°10"’ mm Hg; vaporizing the Ni at 0° or at —78°; heating the 
reactor with the Ni film (in case of necessity) in vacuum of 1-1,5°107’ mm Hg; cooling the reactor to the 
experimental temperature and measuring the adsorption, 


At — 195° Hg is very rapidly adsorbed on Ni: in the first minute after the introduction of a portion of 

gas there is adsorbed 91%, and in 10 minutes 98.4%, of the quantity of gas which is taken up in the experiment, 
Adsorption ceases 20 minutes after the beginning of the experiment and the pressure in the reactor then remains 
constant, Measurement of adsorption by the inleakage method (Fig, 1) shows that the pressure, which prior to 
experiment was ~2°107’ mm Hg, remains <2-+107° mm Hg in the initial period of Hy inleakage (from 

6 to 50 minutes, depending on the film area), i.e., the hydrogen is almost instantaneously adsorbed, The pressure 
sharply rises only after the adsorption of ~ 88% of the total quantity of gas which is taken up in the experiment, 
If the inleakage of Hy is cut off at the very beginning of this pressure increase, the value of the pressure rapidly 
fallsto < 10°’ mm Hg. This indicates that the adsorption in the final stage does not occur instantly, Breaking 


off inleakage 20-30 minutes after the beginning of the pressure increase does not lead to a change in the pressure, 
i.e,, the adsorption is then already completed, 


After the first inleakage of H, and evacuation of the reactor to 4-10~’ mm Hg, a second inleakage was 
carried out, During the evacuation, there was removed from the film surface the less firmly bound hydrogen 
and a part of the Ni surface was freed, This portion is characterized by a secondary adsorption during the 
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second inleakage, Curves for this second inleakage do not correspond with those for the first, The second ad- 
sorption amounts to = 3% of the entire amount taken up the first inleakage; its curve passes rapidly to satura- 
tion and for P > 5°10 mm Hg does not essentially change, Breaking off the inleakage of H, at any other 
stage of this adsorption makes it impossible to discover the kinetics of the latter, The curve for a third in- 
leakage, as measured after a new evacuation of Hj, completely coincides with the preceding one, It follows 
from this that the adsorption of H, in the second and third inleakages can be looked on as completely reversible 
and almost instantaneous and it is accordingly permissible to consider it as a function of the pressure, The 
isotherm for the reversible adsorption is presented in Fig, 2; to a first degree of approximation it follows the 
Langmuir equation, After evacuating the reactor to 4° 1077 mm Hg the vacuum in it remains unchanged; on 
elevating the temperature of the reactor to — 78° there is observed a sharp pressure increase which results 

from the desorption of hydrogen which was irreversibly adsorbed at — 195°. Evacuating the reactor and in- 
creasing its temperature from 0 to 200°, we found that at 150° and above the desorption of H, was practically 
complete and almost the entire film surface was free. 


mm Hg 
5 
a 0 


5 


ry 


40 50 60 70 8 min 


Fig. 1, The adsorption of H, at — 195° on a Ni film (440 A in 
thickness); 1) inleakage of H, into the empty reactor; 2) first 


inleakage and 3) second inleakage of Hg into the reactor with 
the Ni film. 


The facts just described indicate that the total adsorption of H,, (Ns), even at —195° is composed of 
two parts: a rapid irreversible, (Nj;,), and an instantaneous reversible, (N,py), adsorption, the H, which is 
irreversibly adsorbed at — 195° being desorbed on elevating the temperature and the Ni surface proving to be 
practically free of it at 150°, It was established that the maximum magnitude of the reversible adsorption, 
(Nrey, max)» at — 195°, calculated according to Langmuir equation, exceeded its magnitude at P = 2 107 
mm Hg (see Fig, 2) by 1%, thus it follows that this equation is suitable for the evaluation of Nrev, maxe It 


has also been shown that the contributions arising from the two types of adsorption of Hg on Ni do not depend 
on the thickness and the area of the film, 


molecules 


15100 


20-10% mm Hg 


Fig, 2, The isotherm for the reversible adsorption 


of Hy on 
a Ni film at — 195° (film thickness 440 A), 
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The adsorption of Hz on Ni at -78° retains the same qualitative properties as at -195°; the difference 
consists entirely in an increase of the contribution of the reversible adsorption to a value of 18% of the total 
adsorption and in a more rapid completion of the latter. The rate of adsorption of H, on Ni at 0° is just as 
great for the admission of a portion of the gas into the reactor with a Ni film which was condensed at 0°; in 
the first minute there was adsorbed 95% of the total amount of gas taken up in the course of the experiment. 

The take-up of the remaining 5% continues, however, for 60-80 minutes. Fearing that so extended a take up 
of this 5% of gas was connected with the dissolving of the latter in the film and in the vaporizer(a nickel spi- 
ral of ~ 500mg weight), we measured the adsorption at 0, 50 and 100° on nickel films which had been previously 


TABLE 1 


The Surface Area of the Ni Film Associated with one Atom of Hydrogen Adsorbed at -195°* 


Expt. A2 Sources 
No. 


1 18.5; 14.6 Our data 
18.5; 14.6 
3 18.5; 14.6 

4 14,6 j Data of Beeck [9] 
5 24,5 


* Ts is the temperature of adsorption of the gas which has been selected for the 
surface measurement, o,, 1s the accepted value of its contact area and oy, is the area 
per atom of hydrogen. 


heated to 200° in an atmosphere of H,(P = 2- 107mm of Hg) and then evacuated at this same temperature to 
2-10°" mm of Hg. In this case the adsorption was rapidly completed. The data obtained (Fig. 3) show that 


the qualitative properties of the adsorption as determined at -195 and~78° are retained even at higher tempera- 
tures, the change in temperature resulting only in an alteration of the ratio between the reversible and the 


molecules 


310} 


0 2 0 0 0 0 0 20 0 0 20 30 min 


Fig. 3. The adsorption of H, on a Ni film(1662 A in thickness, heated to 
200°) at the temperatures; a) -195°, b) 0°, c) 50°, d) 100°; 1) inleakage 
of Hg into the empty reactor, number of molecules in the reactor; 2) total 
adsorption and 3) reversible portion of the H, adsorption, 


irreversible parts; increasing the magnitude of adsorption simultaneously brings about an increase in the rever- 
sible part and a diminution in the magnitude of the irreversible adsorption, We also note that the initial por- 
tions of the isotherms for the reversible adsorption of H, on Ni at -78, 0, 50 and 100° deviate somewhat from 
the Langmuir equation but, as calculations have shown, are well described by the logarithmic pressure function 
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which has been developed by A. N. Frumkin and A, N. Shlygin (7, 8]. These qualitative characteristics of the 
adsorption of Hy on Ni are also shown in the adsorption of H, on Fe, Cr, and Pt. 


For the calculation of the coverage by the films of hydrogen adsorbed at -195°, the areas of these films 
were determined by the adsorption of Kr at -195°. Our data agree very well with the measurements of Beeck 
{9} for films which had been condensed in vacuum (see Table 1); if it is presumed that the hydrogen adsorbed 
at -195° is in the atomic condition, it is then possible to calculate that at this temperature and with P = 2-107? 
mm of Hg the surface is almost completely covered with atomic hydrogen, i.e., with a surface hydride. 


A study of the influence of the sequence of temperature changes on the total adsorption has shown that in 
adsorption measurements beginning at the higher temperature (100°), going to the lower (-195°) and back once 
again to the higher temperature, the values of the adsorption are reproduced and there is no adsorption hysteresis, 
i.e., the adsorption curves are equilibrium curves; between 0 and - 178° the adsorption passes through a maximum. 

On the other hand, if adsorption is measured by begin- 
ning at -195°, going to 100° and then back to -195° 
(Fig. 4), adsorption hysteresis puts in its appearance, 
“arte but the presence of a maximum between 0 and 78° on 
the curve going from 0 to -195° (Curve 1") is once 
more confirmed. After heating the film in Hg at 150° 
and evacuating the reactor to 2-107" mm of Hg, the 
measurements were repeated in this same order (Curve 
2); this confirmed the existence of hysteresis but also 
: _—— showed an adsorption maximum (see Curve 2'), By 
~200 0 100°C 
measuring the adsorption of Hz on iron films the ad- 
sorption hysteresis and a maximum were confirmed 


even for this system but there was at the same time 
patie shown a more sharply expressed diminution of the hy- 
film which was heated to 150° in vacuum; 2 and 2") 


-18 to -195° or from 0 to -78 and -195° 
the adsorption of H, on this same film but heated in Hy 


(Pp ~2-10 ?mm of Hg) at 150° and subsequently eva- The data which has been presented show that 
cuated to 2-10"? mm of Hg. the adsorption of Hz on Ni, as well as on Fe, Cr, and 


Pt, is a complex process; it is composed of a rever- 
sible and an irreversible part, the first of which strongly depends on the temperature and the pressure and the 


second principally on the temperature; an influence of pressure on the magnitude of adsorption is not apparent 
over the investigated range of pressures. 
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THE NULL CHARGE POINTS OF CERTAIN METALS AND ALLOYS 


B. S. Krasikov and V. V. Sysoeva 
(Presented by Academician AN. Frumkin January 2, 1957) 


In a number of papers [1, 2] there has been pointed out the fruitfulness of the concept of the null charge 
point [3] as a physicochemical constant characterizing a given metal. 


During investigation of the null charge potentials of metals( g,,,) it was discovered that, for a given metal, 
the magnitude of g ™ depends on a number of factors. For example, it was shown [4] that in the mercury-thal- 
lium system g,, changes in dependence on the ratio of the components in the amalgam. In [5] there has been 
presented an enumeration of those factors which serve to fix the values of gy for metals; among these are the 
composition and the state of the metallic phase. In the present work there was undertaken the measurement of 


null charge potentials, the aim being to obtain new data on the relation between Pre and the metallic compo- 
sition and state. 


As test materials we selected monocrystalline zinc (the (0001) and(0101) faces) and alloys of iron and 
nickel, Zinc electrodes were prepared from chemically pure zinc which had undergone four- fold redistillation 
in vacuum, monocrystals being grown according to a modification of the method of Polibin and Froiman [6]. 
The total content of contaminants in these samples did not exceed 10° 4% The iron- nickel alloys were obtained 
by electroprecipitation out of solutions of chlorides which had been repeatedly purified and recrystallized, use 
being made of previously refined iron and nickel anodes, The content of other alloying metals in these alloys 
did not exceed 2.10°4%, 


The electrolytes which were employed had the following compositions and properties: > Fet*, Nit? 100 
g/l (as metal); citric acid 15 pH 4.0 4 0.2; t= 70°, =40 a/dm’, 


Without going into details as to the method of electroprecipitation of the iron- nickel alloys, we limit our- 
selves here to pointing out that for the preparation of those alloys for which data are presented in Figure 3, it 
was necessary to prepare for each alloy separately a bath of definite concentration in the components, The 
measurement of the capacity of the double layer on these samples was carried out with alternating current, 
using a combination bridge [5] with a modification of the circuit of Dolin and Ershler [7]. All of these mea- 
surements were performed in 0.2 N Na2SO, to which sulfuric acid had been added to pH 3.2. In this work all 
of those precautions were observed which are required in measuring double layer capacities [5, 8). 


Certain results from these measurements are presented in Figures 1, 2, and 3. 


In Figure 1 there are shown curves of capacity vs. the potential of the zinc electrode, from. which it is to 
be seen that the potential of the null charge alters in dependence on the structure of the metal. For the (0001) 
face ~ 0.60 whereas for the (0101) face —0.68v. Inthe literature there is quoted value 
= -0.63v, this corresponding to a polycrystalline surface which, according to the experimental data, consists 
of microcrystals, some with (0001) faces and some with (0101) faces. 


It is clear that, depending on the density of atomic packing in the crystalline lattice of the metal, there 
is a variation in the energy of removal of an electron from it and consequently a variation of g,,, for the metal. 
The smaller density of packing of nickel atoms in the(0101) face facilitates the removal of an electron (in com- 


parison with removal from the (0001) face) and at the same time displaces g,,, in the direction of negative 
values, 


In measuring the null charge points of amalgams and alloys it must be kept in mind that an alteration in 
the surface concentration of one of the components, such as can result from various effects (anodic solution, 
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Fig. 1. The relation between the capacity of the double Fig. 2. The relation between the capacity of 
layer on a monocrystalline zinc electrode and the po- the double layer on electrodes of iron-nickel 
tential, ina 0.02 N NaSO, + H,SO, solution (pH 3.2): alloys and the potential, in a 0.02 N Na,SO,+ 
1) (0001) face; 2) (0101) face. +H,SO, solution (pH 3.2): 1) 5% Fe; 2) 25% Fe. 


high exchange currents) can lead to data which are not reproducible. From this point of view the most trust- 
worthy results are those obtained from measurements of the null charge points of alloys under small exchange 
currents and it was exactly for this reason that we, in investigating null charge points, hit on alloys of iron with 
nickel since these possess very small exchange currents. 


In Figure 2 there are shown selected curves of capacity vs. potential for iron nickel alloys in dilute solu- 
tions and, in Figure 3, the dependence of the null charge potentials of these alloys on their composition. 


Measurements of g,,, for pure metals»which had also been prepared by electroprecipitation, gave results 
which agreed well with those found in the literature [9, 10]. In view of the fact that such metals as iron and 
nickel are characterized by a dependence of the null 
charge potential on the amount of adsorbed (absorbed) 
hydrogen [5] (or on the pH), all of these measurements 
were carried out under conditions of strict constancy of 
pH and time of preliminary cathodic polarization at 
Do = constant. 


In the case which we have presented (Fig. 3) there 
is to be observed a rather sharp change in » - with in- 
creasing content in the alloy of that metal which pos- 
sesses the more negative value of gp; even with 25% 
iron in the alloy gp, becomes practically equal to the 
null charge potential for pure iron, 


40 60 80 100% 

The monotonic course of the curve showing the de- 
pendence of the null charge potential of an alloy on its 
composition is, as we see it, an indication of the fact 
that the iron-nickel alloys obtained by electroprecipita- 
tion are solid solutions; in the event of the formation of 
any compound of the type Fe, Ni, there would be observed a sharp change in the energy of electron removal and 
the monotonic course of the g,,,’vs. alloy composition relation would be disturbed. 


Fig. 3. The dependence of the null charge poten- 
tial of iron-nickel alloys on the composition (at 
pH 3.2). 


Thus it can be supposed that, in the absence of factors capable of disturbing this monotonic dependence of 
the null charge potential on alloy composition, the null charge potential of an alloy, even at relatively small 
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concentrations of iron, should be determined by the energy of electron removal from the latter, since this is the 
metal which has the more negative value of ¢,.. 


The data presented in this work clearly illustrate the necessity of taking into account the composition and 
the state of metallic phase in measurements of the null charge potentials, 


The A. A. Zhdanov State University in Leningrad and Received December 11, 1956 
the Scientific Research Institute for Telephone Com- 
munication 


(1) 
[2] 
[3] 
[4] 
[5] 
[6] 
[7] 
[8] 
[9] 


LITERATURE CITED 
B. V. Ershler, Reports of the Conference on Electrochemistry ,” Acad, Sci. USSR Press, 1953, p, 357. 
L. I. Antropov, Reports of the Conference on Electrochemistry,* Acad. Sci. USSR Press, 1953, p. 380. 
A. N. Frumkin, Reports of the Conference on Electrochemistry, * Acad, Sci. USSR Press, 1953, p. 21. 
A. Frumkin and A, Gorodetzkaja, Zs. phys. Chem., 136, .3-4, 215; . 6, 451 (1928). 
V. L. Kheifets and B. S. Krasikov, Proc, Acad. Sci. USSR 109, 586 (1956). 
P. A. Polibin and A. 1. Froiman, J, Exp. Theo. Phys. 3, 162( 1933). 
P. I. Dolin and B. V. Ershler, J, Phys. Chem. 14, 886 (1940). 
T. I. Borisova, B. V. Ershler and A. N. Frumkin, J. Phys, Chem. 22, 925 (1948). 
V. L. Kheifets and L, S, Reishakhrit, Annals of the Leningrad State University, Div. Chem. Sci. No. 169, 


173 (1953). 


[10] E. O. Ayazyan, Proc, Acad, Sci. USSR 100, 473 (1955). 


«In Russian, 


365 


% 


THE TRANSFER OF ENERGY DURING RADIOLYSIS OF BENZOYL 
PEROXIDE SOLUTIONS 


Vv. A. Krongauz and Kh. S. Bagdasaryan 
(Presented by Academician V. A. Kargin, December 30, 1956) 


In the action of ionizing radiation on organic solutions the initially absorbed energy can be transferred 
from one component to another, and there will thus be a breakdown of the "law of neutralization" [1-5]. In 
order to elucidate the influence of the solvent on this energy transfer, we have studied the radiolysis of solu- 
tions of benzoyl peroxide in benzene, cyclohexane and ethyl acetate. Radiolysis was carried out in the ab- 
sence of air and under the action of the y-rays from Co™., The differential dosage was 1.74-10% ev/m) «sec. 
The initial rate of peroxide decomposition was determined iodometrically, the amount of decomposed perox- 
ide not exceeding 10- 20 % of the intial concentration, 


In Figure 1 there is shown the dependence of the initial rate of radiolysis of benzoyl peroxide in benzene 
on the initial concentration. Of the total energy which is taken up by the solution, the benzoyl peroxide ab- 
sorbs a portion which is proportional to the electron fraction of the peroxide in solution. A calculation for 
the number of peroxide molecules which would decompose as a result of the absorption of 100 ev of energy by 
the peroxide itself at a concentration of 0.01 moles /], leads to a value of 1760. This quantity is 20 times 
greater than the number of peroxide molecules which would decompose if it were supposed that the entire 100 
ev which was absorbed by the peroxide went into rupturing the -Q—QO- bonds, 


In order to explain the high radiational yield in the decomposition of benzoyl peroxide, we set up experi- 
ments with diphenylpicrylhydrazyl (DPPH) in which there was determined the yield of free radicals, both from 
pure benzene and from solutions of benzoyl peroxide in benzene. The variation of the concentration of the 
DPPH was determined spectrophotometrically. The critical concentration of DPPH, i.e., the concentration re- 
quired for the capture of all of those radicals which are formed in the radiolysis, had been measured earlier (6). 
This quantity proved equal to 1:10" moles//, The yield of free radicals resulting from the radiolysis of pure 
benzene was determined by us to be 0.75 per 100 ev, which agrees well with the data of other authors [5, 7]. 


The point B on the axis of ordinates in Figure 1 corresponds to the rate of formation of free radicals in pure 
benzene. Since this rate is considerably lower than that of the decomposition of the peroxide the high radia- 


tional yield in the peroxide breakdown cannot be explained by the interaction of the peroxide with such radi- 
cals. 


In Figure 2 there is shown the relation between the rate of formation of the initial free radicals in the irra- 
diation of peroxide solutions in benzene and the peroxide concentration, as determined with DPPH (Curve I). 
For comparison there is also shown Curve II which corresponds to the initial section, OA, of the curve of Fig- 
ure 1, but is constructed by supposing that each decomposing peroxide molecule gives two radicals, These two 
curves practically coincide. From this it follows that the radiolysis of the peroxide in benzene does not pro- 
ceed according to a chain mechanism. In a chain decomposition, the rate of decoloration of the DPPH would 
be less than the rate of breakdown of the peroxide under the same conditions since the DPPH would “intercept” 
the free radicals which are carrying on the chain, The absence of a chain decomposition is also indicated by 
the fact that the rate of radiolysis of the peroxide in the presence of methyl methacrylate, a strong inhibitor of 
the chain breakdown of peroxides [8], proves to be equal to the rate of radiolysis without it (Fig. 1). 


It can be presumed that the high radiational yield from the decomposition of the peroxide is a result of 
the transfer of energy from the initially excited benzene molecules to the peroxide molecules. To support 
this supposition the radiolysis of peroxide solutions in benzene was investigated in the presence of the con- 
densed aromatic hydrocarbons, anthracene and phenanthrene. It is known that diluted solutions of these com- 
pounds fluoresce under the action of ionizing radiation. This phenomenon isrelated to the transfer of energy 
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Fig. 1. The dependence of the rate of radiolysis of ben- 
zoyl peroxide on the initial peroxide concentration in 
benzene. The crosses denote the rate of peroxide radio- 
lysis in the presence of 0.02 moles/7 of methyl metha- 
crylate. 


from the solvent to the dissolved substance [9, 10]. It could be expected that the introduction of these fluores- 
cing materials into the peroxide solution would lead to a diminution of the rate of peroxide radiolysis, since a 
part of the excited benzene molecules would transfer their energy to the molecules of these substances. 
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Fig. 2. The dependence of the rate of for- Fig. 3. The dependence of the rate’ of radiolysis 
mation of free radicals on the peroxide con- of the peroxide on the concentration of added 
centration in benzene; 1) the rate of com phenanthrene(a), anthracene (b) and benzoic an 
sumption of DPPH; 2) the doubled rate of hydride(c), Concentration of benzoyl peroxide = 
peroxide decomposition. =4.5 .10°% moles/?. 


From Figure 3 it is to be seen that anthracene and phenanthrene show a protective action in respect to the 
peroxide. The anhydride of benzoic acid also protects the peroxide from decomposition. However, as is to be 
seen from the figure, the rate of peroxide radiolysis reaches a limiting value and does not further diminish with 
an increase in the concentration of the protecting additive. This can be explained by the fact that the mole- 
culesofthe fluorescing material, having obtained energy from the excited benzene molecules, are deactivated 
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not only by the emission of fluorescent light but also by the transfer of energy to the peroxide molecules. It 
is not difficult to show that this leads to the attainment of a limiting rate of peroxide decomposition under a 
sufficiently high concentration of the fluorescing material, 


In Figure 4, | shows the dependence of the rate of peroxide radiolysis in cyclohexane, and in ethyl ace- 
tate, on the initial concentration. Since the solubility of the peroxide in cyclohexane at room temperature 
does not exceed 0.03 moles/J, it was not possible(in cyclohexane) to follow the change in the rate of radioly- 
sis of the peroxide above this concentration, It is, however, to be seen from the figure that in these two sol- 
vents the rates of radiolysis of the peroxide coincide. 
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Fig. 4. The dependence of the rate of peroxide radiolysis 
on the initial concentration in solutions of cyclohexane 
(a), ethyl acetate(b), ethyl acetate with methyl metha- 
crylate at 0.02 molesy/Z (c), with phenanthrene at 0,1 
moles/1(d) and with benzene at 0.4 moles//(e). 


The introduction into a solution of the peroxide in cyclohexane, or in ethyl acetate, of 0.02 moles/J of 
methyl methacrylate sharply diminishes the rate of decomposition of the peroxide (Fig. 4, II), which indicates 
a chain decomposition of the peroxide during radiolysis in these solvents. The determination of the yield of 
free radicals from the pure solvents and from solutions of the peroxide in these solvents, using DPPH (critical 
concentration, 10° moles/ J), shows that in the presence of the peroxide the rate of formation of free radicals 
is practically equal to the rate of their formation in the pure solvents. Consequently transfer of energy from 
these solvents to the peroxide does not take place, since in the contrary case, in addition to the radicals which 
would be formed from the solvent, radicals would also be formed because of decomposition of the peroxide re- 
sulting from the energy transfer (as is observed in the benzene solutions). 


It is clear that chain decomposition of the peroxide is initiated by those radicals which are formed in radi- 
ative decomposition of the solvent. Making use of the stationary state principle, it is possible to obtain the 
following expression for the rate, V, of the chain decomposition of the peroxide: 


V vi/ (BP] + Vi, 
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where k,, and k, the constants for chain propagation and rupture, and k; is the rate of initiation, The value of 
k; can be determined by extrapolating the linear portion of Curve I(Fig. 4) down to intersection with the axis 
of ordinates. Departure from a linear relationship for the rate of decomposition at peroxide concentration ex- 
ceeding 0.1 moles// is connected with the inhibiting action of the aromatic products of the peroxide decompo- 
sition [11]. As is to be seen from Figure 4, the rate of peroxide decomposition is considerably diminished by 
the presence of small quantities of benzene and phenanthrene. From the slope of the straight line II (in the 
presence of methyl methacrylate chain decomposition does not take place) it is possible to calculate the radia- 
tional yield for that breakdown of the peroxide which results from energy absorption by the peroxide itself. 
This quantity amounts to 40 molecules per 100 ev. 


From a comparison of the data on the radiolysis of benzoyl peroxide in various solvents it is to be seen that 
the transfer of energy from the solvent to the dissolved material depends essentially on the nature of solvent. 


We consider the following processes as occurring during the radiolysis of solutions of the peroxide in ben- 
zene: 1) formation of excited benzene molecules as a result of the absorption of radiational energy; 2) spon- 
taneous deactivation of the excited benzene molecules; 3) transfer of energy from the excited benzene mole- 
cules to the peroxide and the decomposition of the latter; 4) decomposition of the peroxide as a result of the 
absorption of energy of the y-radiation by the peroxide itself. 


On the basis of this proposed scheme, and utilizing the steady state principle, it is possible to obtain the 
following expression for the rate of radiolysis of benzoyl peroxide in benzene: 


labs kyks [BP] 
Vv 


Kglabs [BP], (1) 
ke + kg [BP] 


where I}. is the energy absorbed by the solution and ky, ka, kg and ky are the velocity constants for the reac- 
tions 1, 2, 3 and 4. 


At low concentrations of the peroxide the energy absorption of the peroxide itself is small and the second 
term in Equation (1) can be neglected (Section OA, Fig. 1). In this case Y V depends linearly on 1/[BP], which 
permits the graphic determination of k»/ks (4-10 © moles/Z). Knowing this quantity it is then posssible to de- 
termine the mean lifetime of the excited benzene molecules, making use of the familiar theory of the quench- 
ing of fluorescence [12]. Supposing that deactivation of excited benzene molecules occurs at each collision 
with peroxide molecules, there is obtained for the lifetime of the excited molecules a value of ~10°" seconds. 


It is possible to suppose that by increasing the concentration of the peroxide above the value of 0.01 moles/1 
(the linear segment of the curve of Figure 1), all of the excited molecules of benzene which are capable of 
transferring energy to the peroxide will deactivate only according to reaction 3 and that further increase of the 
rate with concentration will be brought about by the absorption of energy in the peroxide itself. However, a 
more detailed analysis of the course ofthe curve at higher concentration necessitates the admission that there 
exist excited benzene molecules with shorter life times in the excited condition and that these molecules be- 
gin to play an essential role under increased concentration of the peroxide. 
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AN INVESTIGATION BY THE FILTRATION METHOD OF THE 
MECHANICAL PROPERTIES OF THIN LIQUID FILMS 
IN CONCENTRATED EMULSIONS 


S. V. Nerpin and N. F. Bondarenko 
(Presented. by Academician A. N. Frumkin January 24, 1957) 


Earlier investigations have established that the normal viscosity is maintained down to the solid surface in 
nonpolar liquids of low volatility and down to the solvate layer boundary in polar liquids of this type [1]. 


For the study of the mechanical properties of volatile liquids (aqueous electrolytic solutions) we employed 
a filtration viscosimeter, a highly concentrated benzene- water emulsion, stabilized with saponin, being used 
as a finely porous filter. In addition, observation of the influence of filtration on the stability of this system 
made it possible to obtain direct information as to the role of the mechanical properties of thin films in stabi- 
lizing emulsions. The structure of the emulsion is to be seen in the microphotograph (Fig. 1). The good reso- 
lution of this system in the micrsocope and the fact that the aqueous films formed parallel* boundary surfaces 
for neighboring droplets, simplified filtration calculations and permitted the evaluation of the viscosity and the 
magnitude of the limiting shear stress in the investigated liquid. 


In decreasing the temperature to 0°, the b nzene droplets solidify at + 5.5°C; the films,however, remain 
in the liquid form. 


The thickness of the films was determined by dividing the volume of the aqueous medium contained in 
unit volume of the system by one-half of the specific surface. The latter was found from the microphotograph 
of the emulsion [4], using the formula; 


where \ is the mean length of segment intercepted on an arbitrary line by the droplet walls. 


The calculations which were carried out for emulsions of limiting concentration, prepared in 10 % aqueous 
saponin solutions,showed that the mean thickness of the aqueous films was of the order of 10.5 cm. This small 
film thickness assured a low value of the viscous strains in the liquid during filtration under easily measurable 
pressure differentials, which in turn permitted the observation of very minute plastic shear stresses in liquids 


which did not strictly follow Newton's equation and which were subject to the well known Shvedov- Bingham 
law, 


At the same time, at relatively high values of the pressure differential there could be determined the true 
viscosity of the liquid in the thin film. 


The experimental emulsions of maximum concentration(97.3- 97.6% benzene and 2.4- 2.7% aqueous sta- 
bilizer solution) were introduced into the measuring cylinder with the aid of a spiral [5]. The attempt to in- 
crease the benzene concentration led in every case to a separation of the excess of benzene on the surface of 


“+The parallelness of the boundaty surfaces of the free films was experimentally established in [2] and also 
follows from the theory of their equilibria [3]. 
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the system. The emulsion was placed in a special receptacle with a chamber diameter of 5.5 cm and a depth 
of 0.6 cm, to which, from the one side, water was fed under pressure; to the other side there was attached a 
thin measuring tube, held in a horizontal position. 


For determining the magnitude of the true viscosity, filtration was carried out under pressure differentials 
of the order of 100 cm_ The limiting shear stresses were measured by lowering the pressure to a value which 
corresponded to the initial filtration gradient under which the movement of the liquid practically ceased. The 
liquid shear strength in these films was also determined from the departure of the filtration from Darcy's law 
at decreasing pressure differentials. 


The estimation of the order of magnitude of the viscosity and the shear stress at the boundary surface was 
carried out with the following approximation expressions, which are based on the well known equations for the 
movement of liquid between parallel plates: 


Here q,. is the specific discharge rate per unit cross section of specimen; R is a coefficient which takes into 
account the convolutions of the filtration paths; | is the pressure gradient; Iy is the initial gradient; P is the 
porosity and ¥ is the specific perimeter of the films in the cross section of the filter, determined from the rela- 
tion 2y = Q. Inthe case of streamlining of the emulsion drops, it is possible to set R = 2. 


For determining the quantity +7 9 from the departure of the filtration from the Darcy law, it was possible, 
by making use of the well known solutions for viscous- plastic flow [6], to obtain the following equation which 
established a relation between the initial filtration gradient, I), and the ratio between the actual discharge rate, 
q, at a gradient I, and the discharge rate, dp» which should be observed with this filter at this gradient, if the 
filtration strictly followed the Darcy law; 


I I 
The principle conclusion which followed from these experiments was that the liquid contained in the thin 
films separating individual droplets possesses the normal viscosity which is characteristic of the liquid in bulk; 
at the same timethere was disclosed in this liquid traces of plasticity in the form of a limiting shear stress, 7 9, 
of the order of 5 - 10°* dyne . cm™*, which is overcome during the movement of the liquid. 


These conclusions apply to the films separating liquid droplets as well as to those which separate the soli- 
dified particles of benzene. 


We give an example of the determination of » and 7, for an emulsion of 97.5% concentration. By the 
method earlier described the following values were obtained for the specific surface and wetted perimeter : 
Q =5200 cm! and x = 2600 cm*!. By dividing the specific volume of the aqueous medium by one half of 
the specific surface there was found a mean film thickness of 0.96°10°5cm. With a pressure of 100 cm and a 
specimen depth of 0.5 cm, the flow through the filter had a characteristic specific discharge rate of q,, = 2.55° 
10° ® cm/sec. Setting these values into the equation for the viscosity », we found the latter to have the value 


of 0.734*10°*, which agrees in order of magnitude with the usual value for the viscosity of water at room tem- 
perature. * 


* The discrepancy here is easily explained by the fact that we did not take into account the Gibbs swelling 
at the points of contact of the boundary surfaces. As a result of the increased dispersion of the system during 
emulsification, the films which separate the newly formed surfaces must, for the most part, be produced at the 
expense of the volume of liquid which is contained in these triangles. In the investigated emulsions of limiting 
concentration these swellings, at first clearly visible, finally disappear from the field of vision and consequently 
their dimensions did not exceed 0.2-0.3 . Knowing this dimension it was easy to calculate the part of the 
flow which took place along such paths. 


(Footnote continued on following page). 
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For the determination of the quantity 7) in the case under consideration, there were combined the results 
of experiments on filtration through a single specimen at pressure differentials of 1 m and 1.5 cm; from the 
value of the ratio q/q, the initial filtration gradient, I) = 0.6, was obtained and from Equation(1) it was then 


found that 7, was of the order of 3+107* dyne-cm™, 


With a view to investigating the influence of the electrolyte content of aqueous solutions on the film thick- 
ness and the course of filtration, there was carried out a series of experiments with emulsions which had been 
prepared in aqueous solutions of varying electrolyte ( NaCl) 
content, namely: N, 107° N, 10°? N and 10°! N. 


Through the emulsion there was filtered that same 
aqueous solution which had gone into its preparation. 


These experiments showed that increasing the elec- 
trolyte concentration diminished the filtration current 
(Figs. 2 and 3). From the microphotographs it was clear 


centration (not saturated). 


Fig. 1. The structure of an emulsion of high con- J 


po 


that with increasing concentration of the electrolyte, 40 50min 
there was an increase in the dispersion of the system, 

this corresponding to a diminution of the mean depth 

of the aqueous films Fig. 2, The course of filtration of aqueous solutions 
through a specimen of emulsion; a) 107! N, b) 10-?N, 
c) 1073 N, d) 10 4N. 


A decrease in the permeability of the emulsion 
was observed only up to a definite value of electrolyte 
concentration which was of the order of 10° ?N. Raising 
the concentration above 10°?N, the filtration current once more increased(Fig. 3). This fact can be given the 
following explanation. 


According to a theory which has been confirmed by direct experimentation [3], an increase of electrolyte 
concentration brings about not only a diminution of the depth of the aqueous films but also a decrease in the 
maximum value of the cleavage forces generated by them. Both of these factors impair the breakdown of drop- 
lets; the mobility of the liquid in these films diminishes in proportion to their thinning and there is thus a smaller 


* Footnote continued from preceding page. 


Making use of the equation for flow through capillaries of triangular form, there results 


_ ¥3a* pgl 
R320 n 
where a is the length of the side of the triangle and R is the coefficient of path convolution, which must here 
be set as R= 7/2. Supposing normal viscosity and determining the number of swellings per. 1 cm? from the mi- 
crophotograph 4,25+107® , we found that in our case the current passing along these paths amounted to 2.391077 
cm sec”!, i.e., to about 10% of the entire flow. 
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Fig. 3. The volumes of electrolytic solutions 
of various concentrations which were filtered 
through the viscosimeter during fixed periods 
of time: 1) in 10 minutes, 2) in 20 minutes, 
3) in 30 minutes. 


(7, 8] 


ments. 


* [See S. B, translation.] 


likelihood of the rapid formation of new films which could separate the drops, and a decrease of that force 
barrier which hinders drop coagulation limits the degree of dispersion, since an increase of the latter would 
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entail a rise of that capillary pressure on the layer fromthe 
direction of the drops, which is due to their dome-shaped 
form on the filter boundary. 


A deterioration in the condition for emulsificiation must 
lead to a retention of the aqueous solution in the Gibbs swel- 
lings and to an increase of the degree to which these partici- 
pate in the filtration, which in turn determines the increase 
in the permeability of the system. 


The maintenance of emulsion stability during filtration 
through the films, once the limiting shear resistance has 
been overcome, and the alteration in the filtration and the 
dispersion with varying electrolyte content in a single me- 
dium, point to the thermodynamic character of the film 
equilibrium, which in the case under consideration results 
from the basic ionic- electrostatic component of the cleaving 
pressure. 


It is also interesting to note that here the forces of mole- 
cular and ionic- electrostatic interaction are basic to the pro- 
cess of gelatinization in the system Actually, the compo- 


nents of this system possess practically normal fluidity whereas the system as a whole is a gel, possessing a con 
siderable modulus of shear elasticity. The nature of this elasticity has already been considered in earlier works 
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A GENERALIZED FORMULATION OF THE GIBBS INEQUALITY 


L. S. Palatnik and A. 1. Landau 
(Presented by Academician N. V. Belov December 26, 1956) 


Symbolism: V, S, P, and T are respectively the volume, entropy, pressure and temperature of the entire 
heterogeneous system; M, and JN, are respectively the mass and the chemical potential of the i-th compo- 
nent over the entire system; vj, sj and mj, are respectively the specific volume, the specific entropy and the 
mass of the j-th phase of the system; Xij and y jj are respectively the concentration and the chemical poten 


tial of the i-th component in the }th phase, and n and r are respectively the number of components and the 
number of phases in the system. 


Any multicomponent heterogeneous system, including those in which one, or several, of the components 
are missing in various phases(i.e., in which the solubility of certain components can be neglected in certain 
phases), may berepresented by a concentration matrix || x: ll (i=1,2,...n; j=1, 2,.., 1). Inthe analyti- 
cal discussion of thermodynamic systems it is usually implicitly assumed that this matrix is of maximum rank, 


i.e., that its defect ¢ =0. Thus the phase rule and the inequality r <n+ 2 as derived by Gibbs [1] apply only 
to those thermodynamic systems for which 6 =0. 


It is possible, however,to present actual thermodynamic systems for which go > 0. As examples there might 
serve those systems for which 9 =1 andr <n; these have been referred to in Gibbs’ work ( [1], pp. 147-148) 
and have been considered in greater detail by A. V. Storonkin [2). 


As will be seen subsequently, the case of a system with o =1 andr <n is an exceptional one and the num- 
ber of possible thermodynamic systems for which o > 0 is considerably greater. Among the latter are certain 
thermodynamic systems with maximum or minimum pressures and temperatures, ones in which the various 
phases are of identical composition( for example phases in points of different concentrations, allotropic phases), 
certain systems in the separate phases of which not all of the components participate, etc. It is the aim of the 
present work to clarify the rules which apply to thermodynamic systems with o > 0. 


It is, first of all, not difficult to show for any thermodynamic system at equilibrium, that, regardless of the 
value of o there must exist equality of the pressures, temperatures and chemical potentials of the respective 
components in the various phases and that the Gibbs- Duhem equation is valid when written for each separate 
phase of the heterogeneous system. The number of intensive thermodynamic degrees of freedom [3] for the 


open system can be determined either from the Gibbs- Duhem equations [1, 2] or from the equalities involving 
the chemical potentials [4-7]. 


If any additional conditions or restraints are imposed on a thermodynamic system, these must clearly be 
appended to the Gibbs- Duhem equations or to the equalities among the chemical potentials before a calcula- 
tion of the number of thermodynamic degrees of freedom of the system is undertaken. In the case under consi- 
deration such supplementary conditions are ones which are involved in setting the concentration matrix defect 


equal to o, where g > 0. The equalities among the chemical potentials, together with the imposed conditions, 
can be written in the following form: 
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i=r—x—co+],... 
jo=r—x—co+l,... 


x 0, 
j 


i,r—x-o 


where « is the larger of the numbers r-n and 0, and det || || #0 ,m=1,2, .... t-x-0). If 0, the 
corresponding function Huy P, Ti Xny) falls out of Equation(1). 


In a similar fashion the Gibbs- Duhem equations, together with the conditions for the concentration matrix 
to be of less than maximum rank, can be written in the following form: 


v;dP +- s,dT + x, ;dN, + XA . + Xnj IM, = 0, j= 2, eee v5 


x 


r—x-—o, r--x—a 


In the relations(1)—( 3) the variables are the quantities P, T and the entire set of the Xi »and the chemical 
potentials, y ije are functions of these variables. On the other hand, in relations(4)—(5), the variables are the 
quantities P, T and the entire set of the JQ, and the v;, s, and all of the X;; are functions of these variables. 
In this respect relations (3) and(5) differ in their content although they are identical in form. 


It is, however, easy to see that both relation(3) and relation (5) impose the same number of restraints on 


the thermodynamic system. This last is true even in the case when some part of the indicated relation is an 
identity. 


Thus we have written two systems of equations, the system (1)—(3) and the system (4)—(5), each one of 
which will impose the same number of conditions (restraints) on an open thermodynamic system with o>0. 
It is easy to show that for 9 <2-—x both of these systems of equations actually give, under the appropriate 
treatment, the same number of intensive thermodynamic degrees of freedom. However, with o > 2-x .the 


rank of the following matrix, composed of the coefficients of all the differentials in Equation (4), becomes 
less than maximum: 


Thus in the system (4)—(5) additional degrees of freedom appear which are not met in the system of Equa- 
tions(1)-(3). This lack of agreement between the values obtained for the number of degrees of freedom points 
up the impossibility of the existence of thermodynamic equilibrium in a system for which 6 » 2-«x. Thus it 


is always true that 6 < 2-x. Since o is obviously a positive quantity, the inequality which we have obtained 
can be once more rewritten as; 


(7) 


(2) 
n 
| 3) 
*r—x—0, 1 ’ r, ( 
- 
(5) 
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Equation( 7) is a generalization of the Gibbs inequality, r < n+ 2, or x < 2, to the case of a thermodynamic 
system for which o 2 0, We will designate this as the matrix condition for phase equilibrium since into it 
there enters the magnitude of the defect, o, of the concentration matrix || x;; ||. The method which has been 
followed in deducing relation (7) represents a new proof of the Gibbs’ inequality and differs from those proofs 
which have been developed earlier [1, 2, 4-7]. 


We will now fix the value of P, or of T, in the equations(1)—(3) and(4)-—(5). Then the terms in dP or in 
dT fall out of Equation (4) and matrix (6) takes on one or the other of the two following possible forms; 


It is easily seen that with o < 1—« the matrices(8) retain maximum rank and the systems of equations 
(1)—(3) and (4)—(5) thus yield the same number of thermodynamic degrees of freedom for an open system. 
With o >1-« the matrices(8) will in every case be of less than maximum rank. In such a situation the 
systems of equations (1)—(3) and (4)—(5) will yield different values for the number of degrees of freedom, this 
indicating the imposssibility of the existence of equilibrium in a thermodynamic system for which o » 1-« 
at P = const (or T = const). On the other hand with P # const and T # const the case arises of a thermodynamic 
system with 6 +« = 2. From a comparison of these two cases it follows that in a thermodynamic system with 
o +« = 2 there must exist an invariant equilibrium which on fixing P or T will be redundantly defined. Ina 
similar fashion ( fixing the values of P and of T in the equations (1)—(3) and (4)—(5) and then comparing this 
with the case in which either P = const or T = const) it is easily shown that with P # const and T +const and 
o+ « =1 a monovariant equilibrium will exist in the thermodyanic system which, on fixing either P or T, 
becomes an invariant equilibrium and, on fixing both P and T, is redundantly defined, We note that the mono- 
variant properties in this particular instance of a thermodynamic system with 6 =1 andx =0(i. e., one for 
which r < n) were first pointed out by A. V. Storonkin [2]. 


In light of the above results the significance of condition(7) becomes clear. From this condition it clearly 
follows that with o +x > 2. redundancy of definition arises in a thermodynamic system (or in any fundamental 
equations describing this system) even if P and T are not fixed beforehand for it. By direct test it is easy to 
show that such redundancy of definition actually arises in the system of equations(1)—(3) when o +x > 2. In 
particular, as is known, such redundancy appears in the system (1)—(3) when o =0 and xk » 2. 


The redundancy of definition in the system of equations (1)—(3) can be tied up with a definite group of the 
relations from this system rather than the entire system. In the same way the invariant determinateness of the 
variables when g + x = 2or their monovariant determinateness when o + x =1( in both cases with P # const 
and T # const) can in the general case be inherent in a definite group of relations in this system and not in the 
entire system of equations (1)—(3). 


With the aid of the generalized "center of gravity” rule [8] it is not difficult to show that o +x =z, where 
z is the number of the phase masses, m;, which can be arbitrarily altered under fixed values of the quantities 
P, T and M; (i =1, 2,..., n). From this there arise the following criteria for invariance and monovariance in 
a thermodynamic system: for z =1 the system is monovariant and for z = 2 it is invariant. For z=3,4... we 
should, in analogy with two preceding cases, expect thermodynamic systems possessing negative degrees of vari- 
ance respectively equal to -1,~-2, .... In actuality even for z 5» 2 a thermodynamic system cannot exist in 
equilibrium and " a negative variance” in the mathematical sense corresponds to a redundancy of definition in 
the system of equations(1)—(3). From this point of view we can interpret anew the physical meaning of the 
matrix condition (7) for phase equilibrium (i, e., the condition z < 2). Actually, when 9 + k =z > 2, even 
the assignment of a basic set [3] of external parameters, V, S and all of the M;, does not open the possibility of 
uniquely determining each of the masses m, of the thermodynamic system, i.e., of determining all of the latter's 
internal parameters( among which the masses m, are included). On the other hand, it follows from the funda- 
mental equations of the thermodynamic system [1, 9] that the maximum number of independent external para- 
meters of a system is n + 2 and the quantities V, S and the set of the M, exhaust this number, Thus foro +k >2 
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the thermodynamic system either is not uniquely determinant in principle, which cannot be admitted, or the 
fundamental equations in such a case incompletely described the thermodynamic system, i. €., these relations 
lose their claim to being fundamental equations. As we see, the matrix condition (7) for phase equilibrium 
solves all of the difficulties which can arise since it forbids the existence of equilibrium systems with o +k 5 2. 
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A METHOD FOR TESTING THE EQUATION OF STATE OF GASES 
AT HIGH TEMPERATURES 


S. S. Semenov 


(Presented by Academician V. N. Kondratyey December 11, 1956) 


The shock tube* has recently come into use for investigating the properties of gases at high temperatures. 
In the present work there is considered a method for testing the equation of state and determining the energies 
of dissociation and ionization of the gases ** in the shock tube. In [2] the results obtained from measuring the 
velocity of stationary detonation in a 50% mixture of oxygen and dicyan were compared with calculations made 
on the basis of the Zeldovich theory [3], supposing thermodynamic equilibrium to exist directly behind the de- 
tonation front. It was established that the most trustworthy values are; Dn, = 9.76 ev and Do =11.1 ev. How- 
ever there are fundamental defects in [2] and this procedure cannot be considered as a generat one [4]. 


Other methods of investigation involve the measurement of the velocity of the shock wave, which com- 
pletely fixes the equilibrium condition of the gas behind the front, and the determination of one other para- 
meter; such results, taken together, make it possible to check the doubtful constants in the equation of state 
(for example, the energy of dissociation or of ionization). Thus, in addition to the velocity of the shock wave, 
in [4] there was also measured the speed of the piston which generated this wave, and in [5], the velocity of the 
shock wave which was reflected from the closed end of the tube. In [6] the second measured parameter was 
the number M***. 


In the note [7] it was proposed to determine the change in the velocity of the shock wave through the change 
in the concentration of the test gas in a mixture of the latter with some monatomic gas (for diminishing the in- 
fluence of the variation in the diaphragm rupture, the pressures of the propelling gas and the investigated gase- 
ous mixture were to be held constant). All of these methods suffer from a number of objections. 


It is known that directly behind the fronts of the incident and the reflected shock waves there exist exten- 
sive relaxation zones in which thermodynamic equilibrium is not established, This is explained by the fact that 
at relatively low temperatures there is a slow excitation of the vibrational degrees of freedom behind the shock 
wave whereas at high temperatures there are large deviations of the internal energy from the equilibrium values, 
so that the energy of dissociation is, as it were, increased. In addition, in the reflection of the shock wave there 


takes place a considerable (5-10 fold) contraction in the region of uniform parameters which renders investiga- 
tion difficult. 


Finally, the presence of the boundary layer which develops on the walls of the shock tube influences the 
gas velocity behind the incident wave; an interaction of the shock wave with this boundary layer results and 
errors are thereby introduced into the measurements. It is also known that the front of the shock wave does not 
of necessity coincide with the origin of luminescence [8]. 


* See the bibliography to [1]. 

** The spectral data on a number of fundamental diatomic molecules (for example, Nz, CO and others) 
cannot be unambiguously interpreted [13] for the determination of their dissociation energies. Verification can 
be obtained, but not always in an exhaustive fashion, by the method of explosions [11] or through mass spectra 
(12). 

*+* We note that over the range of pressures investigated in [6] the dependence of the number M on the shock 
wave velocity is not well defined, as authors of that work have supposed it to be. 
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Thus inaccuracies in the measurement of the velocity of the shock wave and the particles behind it can 
lead to large errors in the value of the relative density. There is another method which can be successfully 


Fig. 1. A) the associated compression jump on a wedge behind the shock wave 
in air:' 1) the shock wave, 2) the compression jump, 3) rarefraction; B) the 
associated compression jump and the Mach wave on a semiwedge behind the 
shock wave in air: 1) the shock wave, 2) the compression jump, 3) rarefrac- 
tion, 4) the Mach wave. 


applied in the shock tube for testing the equation of state; here, in addition to the shock wave velocity, there 
is also measured the angle of the associated oblique jump as observed on wedge-shaped models of varying 
angular opening. The density ratio in the oblique compression jump is equal to: 


tan 
po 


where fp, p are respectively the gas density before and after the jump and 9 is the angle of the associated oblique 
compression jump for a_ rotation of the flow through an angle g. 


A compaiisou of the experimental data with theoretical calculations makes it possible to determine the 
true equation of state. 


The factors which assure high accuracy for this method are as follows: 


1. The density ratio for the oblique compression jump is very sensitive to the energies of dissociation and 
ionization, 


2. For shock tube flow of sufficient duration (longer than the time required for establishing equilibrium in 
the gas behind the shock wave and for forming the oblique compression jump) the absence of equilibrium does 
not exert a noticeable influence on the magnitude of the angle of the associated oblique jump since the leading 
flow of gas has a high temperature and the perturbation of the parameters in the oblique jump is relatively small. 


3. The fundamental experimental quantities are angular magnitudes which can be measured with reason- 
able ease and with the requisite degree of precision. Corrections which are connected with the presence of a 
boundary layer on the model are not great and can be easily taken into account. 


as 


4. There is a considerable diminution in the influence of the boundary layer which forms on the tube walls. 


5. The magnitude of the angle of the associated jump depends rather weakly on the velocity of the leading 
shock wave and, also, on the pressure in the quiescent gas in front of it. 


6. The method isa universal one,and can be employed for testing the equation of state for any gas over wide 
ranges of temperatures and pressures. 


Typical experimental results are shown in Figure 1, in which there are presented shadow photographs of 
the flow behind the shock wave in air, There are visible the weak perturbations (from which the number M 
can be determined), the shock wave and the associated compression jump. In Figure 2, the theoretical results 


Fig. 2. The test of the equation of state. a, b) experiments 
in the shock tube(a) nitrogen, b) air); c- f) theoretical cal- 
culations. Air: c) according to the thermodynamic function 
of [10], Dy, = = 1.38 ev; d) according to the function of the 
Energetics fnstitute of the Academy of Sciences of the USSR, 
Dy, = 9.76 ev. Nitrogen: e) according to the data of [9], 
Dn; = 7.38 ev; f) according to the data of [9] and the Ener- 
getics Institute of the Academy of Sciences of the USSR, 

Dn, = 9.76 ev. 


are compared with the experimental data. For the calculation of the oblique compression jump in nitrogen 
there have been employed the data of the Energetics Institute of the Academy of Sciences of the USSR and of 
[9], and, for air, the thermodynamic functions of Bethe (Dy, = 7.38 ev) [10] and the Energetics Institute of the 
Academy of Sciences of the USSR( Dy, = 9.76 ev). 


On the basis of the results which have been obtained the conclusion can be drawn that the energy of dis- 
sociation of nitrogen is Dy, = 9.76 ev and that the thermodynamic functions of air based on this value of the 
energy of dissociation are very close to the true ones. 
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THE INFLUENCE OF THE ADDITION OF SURFACE ACTIVE SUBSTANCES 
ON THE INTENSITY OF THE VIBRATIONAL PULVERIZATION 
OF CEMENT 


L. I. Edelman and D. S. Sominsky 


(Presented by Academician P, A. Rebinder December 30, 1956) 


The phenomenon of decreasing hardness (or strength) through adsorption was discovered by-P. A. Rebinder 
and his collaborators and has been studied by them in works on various types of solid bodies [1]. This effect is 
to be observed, for example, in the wet pulverization of refractory materials [2], dyestuffs [3] and ores [4]. 

In particular, the effect has been demonstrated and studied in cement clinkers during wet and dry dispersion in 
the ball mill [5, 6). It has been shown that the introduction of certain surface active substances permits a con 
siderable increase in the degree of dispersion of cement. At times, however, the increased rate of pulveriza- 
tion has been ascribed not only to the effect of adsorbitive diminution of the hardness but also to the disintegra- 
ting action of the surface active additives [6]. 


We have investigated the influence of the addition of surface active substances on the rate of pulverization 
during the grinding of portland cement (from the Gigant mill; nominal initial specific surface area 3300 cm*/g; 
chemical composition: SiO,-32.8%, Fe,03—3.85%, Al,O,—4.25%, CaO —-52.6%, MgO-3.30% and SO,-1.44%) 
in a laboratory vibration mill of 10 litercapacity, The volume of the crushing _ bodies (steel spheres of 10 mm 
diameter) amounted to 80%, and that of the pulverized material to 32%, of the volume of the mill chamber. 


The hydrophobic additives, mylonaphth, acidol- mylonaphth and oleic acid and the hydrophillic additive 
sulfonated alcoholic waste — calcium lignosulfonate (SAW) were studied at concentrations ranging from 0.1 to 
1% of the cement weight. These additives were introduced into the cement prior to grinding and were carefully 
mixed with it: the mylonaphth, acidol- mylonaphth and oleic acid, in the pure form, and the sulfonated alco- 
holic waste as a 50% aqueous solution. 


The degree of dispersion of the cement was determined from the magnitude of the nominal specific surface 
area, S;, of a layer of compressed powder, following the Kozem Karman method of air penetration and using an 
apparatus which had been developed in our laboratory [7]. The true value, S., of the surface area, as determined 
by us in individual cases through the method of low temperature nitrogen adsorption (the BET method, [8]), was 
approximately 6 times greater than the nominal. Thus, for example, the true specific surface area of the initial 
cement, determined by the BET method, amounted to 2.17 m?/g whereas the nominal value as determined by 
the method of air penetration was 0.33 m?/g. 


The experimental data on the kinetics of dry grinding of the cement at a frequency n = 3000 vib/min and 
an amplitude A = 2.5 mm show that the introduction of surface active substances exerts an intensifying action 
on the cement dispersion (Fig. 1). This is expressed in a greater increase of the specific surface area of the 
material, as compared with that observed during grinding without additives. Quantitatively this increase of the 
surface area varies from 10 to 30% depending on the nature of the additive, its concentration and the duration 
of grinding. Hydrophobic additives are more active in this respect than is the sulfonated alcoholic waste. 


The introduction of surface active additives thus permits a reduction in the time of grinding of the cement. 
So, for example, with the indicated operating parameters for the vibro- mill, the time required for grinding the 


cement down to S = 5000 cm?/g is reduced by 20-40% and that required for grinding to S, = 6000 cm*/g by 50%, 
on the average, 
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A sedimentation analysis of the granular composition of the cement showed that the increase of the specific 
surface which is caused by the introduction of additives results from an increase in the fractions of fine par- 
ticles (with radii up to 5); the content of the coarse fraction (10- 20 ,) is at the same time diminished while 
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Fig. 1. The influence of the addition of surface active substances 
on the kinetics of cement grinding: 1) without addition, 2) sul- 
fonated alcoholic waste, 0.2%, 3) mylonaphth, 0.3%, 4) acidol- 
mylonaphth, 0.3%, 5) oleic acid, 0.2%. 


that of the particles of intermediate diameters (5-10) remains practically unaltered (Table 1). 


Over the interval from 0.1 to 0.5% the influence of a surface active substance, and of oleic acid in parti- 
cular, on the grinding, increases in proportion to its relative content in the cement(Fig. 2). A further increase 
in the acid content does not enhance its effectiveness 
TABLE 1 in short time grinding (up to 20 min), but brings about 
a further augmentation of the specific surface during 


The Granular Composition of Cements Which Have gtindings of about 1 hour duration, 


Been Ground in the Presence of Surface Active Sub- 
stances; n= 3000 vib/min, A = 2.5 mm,z = 30 min. Thus in the initial stages of grinding the optimal 
—— = . oleic acid concentration is 0.5% whereas for obtaining 
Limiting radii for the fractions, 
, the maximum increase in the specific surface at the end 
whitiiens of the grinding at least 1% of the acid is required. From 
<2 25 | &10 | 10-20 this it follows that, depending on the desired dispersion 
of the granulated product, there exists an optimal con- 
Content of fraction, % centration of the surface active substance which leads 
to the maximum increase of the specific surface. Thus 
Without additive 31 17 17 for a 30 minute grinding of the cement, the optimum 
Mylonaphth, 0.3% 35 18 8 oleic acid concentration amounts to 0.5% and with this 
SAW, 0.2% 38 19 9 the increase of the specific surface area is at least 50% 
Mylonaphth, 0.3%, greater than that obtained by grinding: without the use of 


in a 10% NagCO, a surface active additive. 
solution 


The effectiveness of the action of surface active 
additives on the kinetics of cement grinding and its de- 
pendence on the frequency and amplitude of vibration 
of the mill were investigated. Grinding the cement at n= 1500 vib/min and at amplitudes ranging from 1.9 to 
6.5 mm (the power expended on the grinding was W = 0.85 — 8.0 kilowatts) showed that the introduction of sur- 
face active additives brings about practically no dispersing action under these conditions, By grinding the ce- 
ment at n= 3000 vib/min(W = 1.4— 4.5 kilowatts) it was established that with small amplitudes, of the order 
of 1.0 mm, surface active substances exert almost no influence on the pulverization; the effectiveness of the 
additive action appears at A » 2mm; and reaches a maximum at A ~ 2.5 mm. Thus in the region of the 


5 
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optimal parameters for vibrational grinding the influence of the surface active additives becomes clearly ex- 
pressed at sufficiently high frequencies and amplitudes. 


This leads to the conclusion that the observed intensification of vibrational grinding of the cement under 
the influence of surface active additives is brought about, not by the prevention of aggregation of the particles 
of the finely dispersed material, (i.e., not by the stabilization of the latter), but by the initial effect of adsorp- 


tive diminution of hardness, since the stabilizing (deaggregating) action of the surface active additives is clearly 
not related to the mechanism of grinding. 


The adsorptive character of the process of intensification of cement pulverization is confirmed by its de- 
pendence on the additive concentration. Calculations which were carried out on the basis of the true specific 
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Fig. 2. The influence of the concentration of oleic acid on the 
kinetics of cement grinding: 1) 0%, 2) 0.1%, 3)0.2%, 4) 0.5%, 
5) 1%. 


surface area of the cement, as determined by the BET method [8], showed that for the formation of a saturated 
monolayer of oleic acid on the cement there is required for the initial material, 0.4%, and for the end product, 
0.8%, of the surface active additive per mass of cement, which agrees very well with the experimental data 
(Fig. 2). 


The experimental results make it possible to consider that the basic factor which conditions the intensifi- 
cation of the pulverization of cement through the adsorptive diminution of the hardness is a sufficiently high 
frequency of vibration. The power which is expended on the pulverization, regardless of the frequency of vibra- 
tion, obviously plays a secondary role. Thus for n=1500 vib/min and A =6.5 mm the power required amounted 
to 8,0 kilowatts and with n = 3000 vib/min and A = 2.5 mm it was 3.6 kilowatts and, nevertheless, the influence 
of surface active additives was to be seen only in the second case. 


These results are in conformity with the ideas of P. A. Rebinder and his collaborators [1], as to the role of 
hardness reducing substances in periodic disintegrating actions on solid bodies. 


The All-Union Scientific Research Institute for New Received December 30, 1956 
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THE KINETICS OF THE FORMATION OF ALCOHOL AND ALKYL 
ACID IN THE REACTION OF PROPYLENE AND AQUEOUS 
SULFURIC ACID 


S. G. Entelis, V. E. Petrakovich, G. V. Korovina 
and N. M. Chirkov 
(Presented by Academician V. N. Kondratyev January 19, 1957) 


There has been a great deal of work devoted to the study of the kinetics of the absorption of the olefins by 
sulfuric acid [1-6]. In most of this work there is a common fundamental defect, namely that the experiments were 
carried out under such conditions that the rate of absorption was limited by diffusional processes. 


An exception is the work of Kh. R. Rustamov [5], in which there is a detailed study of the true kinetics of 


the overall absorption of propylene and n- butylene by thin films of sulfuric and phosphoric acids under condi- 
tions which excluded the possibility of diffusional difficulties. 


We have studied the kinetics of the absorption of propylene by 67% H2SO, at 42, 50, 70, 75, 80 and 90° and 
under an initial pressure, P°CsHg, of “300 mm of Hg. In the individual experiments the amount of the acid was 
varied from 2.5 to 11 g. The experiments were carried out in a closed glass system (Fig. 1) which was equipped 
with a glass circulating pump, 1. With the aid of this pump, propylene containing the necessary amount of 
water vapor was pumped through the reactor, which, in turn, was filled with sulfuric acid. This reactor was in 
the form of a glass vessel of 60 cm? volume, inside of which there was fused a plate of porous glass ( Schott 
2), 20 mm in diameter. The propylene passed through the acid converting the entire mass of the latter into a 
compact foam. Reaction took place between the gas, the major portion of which was in the form of bubbles, 


and the acid film. Under these conditions it was possible to observe the true kinetics of the absorption of the 
propylene without diffusional interference. 


The course of the reaction was followed both by the decrease of pressure in the closed system with a gas 
volume of 27 and by analysis of the reaction mixture for its content of alkyl acid and alcohol. Analysis for 
the alkyl acid was carried out acidometrically [6, 7]. The alcohol was determined by the method of oxidation 
titration. For separating the alcohol from the alkyl acid which interferes with its determination, the solution 
containing water, HSQ,, the alkyl acid and alcohol was neutralized with a concentrated KOH solution and the 
water, together with the alcohol, was distilled off in vacuum( at approximately 30 mm) at 35-40°, The first 
receiver was cooled with a salt-ice mixture; the second with liquid air. 


The velocity constant for the overall absorption was calculated from the mean rate along the initial seg- 
ment of the kinetic curve(Fig. 2) at 3-4% conversion, it being supposed that the rate of the reverse reaction is 
at first negligibly small. The values of the constant which were determined in this way are close to those ob- 
tained from the data of Kh. R. Rustamov [5] who designedly so worked as to avoid diffusional effects. In Table 1 
values are given for the velocity constant of over all propylene absorption by 67% H,SO,, these values having 
been reduced to the basis of 1 g of acid and 17 of volume for the space above the acid, 


The observed proportionality between the rate of overall absorption and the amount of acid (Fig. 3) served 
as confirmation of the fact that we were actually working in the kinetic region. This proportionality indicated 
that the entire mass of acid contained in the vessel simultaneously took part in the reaction. 


| 


TABLE 1 


Temperature in °C 


Our data 
K 10°4-min"™! 


According to Rustamov 4.46 5.75 11.7 13.8 


The experiments which were carried out at 70° were interrupted from time to time and the reaction mix- 
ture was analyzed for its content of alkyl acid and alcohol. The data thus obtained are presented in Table 2. 
As is to be seen from this table, the initial rate of 
TABLE 2 alcohol formation exceeded that of alkylation almost 


factor of 4. 
The Kinetics of the Formation of Isopropyl Alcohol and 


Alkyl Acid at 70° (the amount of 67% H,SO, was 7.7 g; Without going into the details of the complex 
the volume of the gaseous phase, 2 liters) acid catalyzed processes which occur during the dis- 
- solving of propylene in the acid, it is possible to re- 
Timelof present these processes in the form of three reversi- 
in min|mmoles C3H7SO4H, ble reactions; 
i | mmoles 


mmoles 


I. The formation of the alkyl acid 


for) 


305.0 
306.0 
310.0 
312.5 


hy 
+ HeSO, CsH,SO,H. 
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Il. The direct formation of the alcohol 


k, 
CsH, H,O = i- C;3H;OH. 


Ill. The hydrolysis of the alkyl acid 


hy 
i- CsH;SO4H + i - CsH;OH + H,SO,. 


Whether the principle alcohol production is 
through II or III has not been establisned in the litera- 
ture up to the present time. However, the very fact 
of the production of alcohol in parallel with the alkyl 
acid (see the kinetic curves in Fig. 2). excludes the 
possibility of its entire formation by the hydrolysis of 
the acid according to reaction III. We will now com- 
pare the experimental curves for the formation of the 
products with theoretical curves obtained from the 
scheme presented above, making various suppositions as to the relationships between the velocity constants for 
the separate steps. 


Fig. 1. Sketch of the apparatus: 1) glass circulating 
pump; 2) pump valves; 3) reaction vessel; 4) bulb 
with water; 5) manometer for following the progress 
of the reaction; 6) ballast volume. 


We introduce the dimensionless concentrations, q = x/a) and B =yBap; ap, x and y being concentrations of 
the various substances in the liquid phase; ag is the initial concentration of the CsHg, x is the instantaneous 
concentration of the i-C3HSO,H and y the instantaneous concentration of the i-CgH;OH. Supposing that the 
concentrations of H,SO, and H,O remain unaltered in the course of the reaction, we write: 


42 50 10 15 
er 3.32 5.71 9.6 11.0 
303.0 | 139 
456 
gil | 
390 


— a — — + 


= —a—8) — kB — kya — KB. 


Here kj =ky kg =kg [HySOg]p and kg = kg 


By solving this system of linear equations, we obtain the law covering the variation of the concentrations 
of and i-C,H,OH with time: 


a= Pye + Q,e" + 


B=P + Que + 


ky + revi /e _ rave /e 


P,= 


Qi 


(ky Ra +R, + + V + ha + hy + hs)? — 40 


p = (Rk, + +s) Rat — (& — ki) (ks — ha), 


tr = + = + (hy + hy). 


We will now find the time dependence of « and of g for various relations between the velocity constants 
of the separate steps. For the carrying out of calculations according to the derived equations it is necessary to 
evaluate the velocity constants for the separate steps. Supposing, as a first approximation, that the formation 
of i- CgHzSO,H and i-C3H,OH is entirely by reactions I and II respectively, we find the constants ky and kg from 

the mean rates along the initial segments of the kine- 
mm Hg tic curves for the alcohol and the alkyl acid We ne- 
glect the reverse reactions at small degrees of conver- 
3 sion. Since the absolute amount of dissolved propy- 
ree lene is unknown, the velocity constants are found as 
i quotients of the rate and the partial pressure of the 
/ propylene. Thus the Henry Law coefficient enters in- 


to the velocity constant 


Case 1. The reaction of alkyl] acid hydrolysis is 
lacking, i e., kg =kg=0. Starting from the kinetics, 
60 160 260 320 400 480 min supposing equilibrium and setting kj = 1, we obtain: 

k,=4, kg =4, kg =6.5. After substituting the values 
of these constants into Equations( 3, and( 4), there re- 
Fig. 2.The kinetic curves for the over all absorptionof _ sults: 
propylene in 67% Volume of the gas phase, 27; « = 13 45-107? — 6.1 - — 7,35. 
amount of acid, 7.7 g; PG 4,.= 310 mm of Hg; 1) 42; 
2) 50°; 3) 70°; 4) 80°; 5) 90°. 


p= 33.0- 10-2 — 37.8- 4. 4.8. 


By taking kj = 7.7 10 4. min”? as a unit, we introduce a new measure of time,  =kj t, where t is the time in 
minutes. 


Case 2. The alcohol is formed simultaneously with the i-C3H7SO4H, as well as through the hydrolysis of 
the latter. The true concentration of the physically dissolved propylene is clearly much less than the measured 
concentrations of ie C3H7OH and i-C3HzSO,H. Thus in order that the hydrolysis rate be equal to or less than the 
rate of addition of CgHg to H,O and to HySO, according to reactions II and I, the constants kg and kg must be 
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da 
| 
where 
| 
| 
|| 


less than ky and kg. We again suppose that kj = 1, kp =4, ky =4, kg =7 and kg = kg = 0.5( kg = kg is assumed for 
simplicity): 


a = 12,3- 10-2 — 5,3- 10-%e—11-15t — 7,0. 
B = 28- 10-2 — 4. 


Finding, from the values of « and g, the corresponding amounts of i-CsH;SO,H and i-CsH7OH, it is possible 
to construct theoretical curves for the formation of the latter substances and to compare these with the experi- 
mental curves(Fig. 4). As is to be seen from the figure the experimental points lie closer to the curve which 


moles 


mmoles/min 6:10 


tte 


12 
OB 
8 
4 


2 


0 
160 #0 320 400 480 min 
4,50, 


Fig. 3. The dependence of the initial rate of Fig. 4. A comparison of the experimental data 
reaction for the over all absorption of CgHg in 67% (points) with calculated values €rosses ); 1) Case 1; 
H,SO, on the amount of the acid. The volume of 2) Case 2; a and b are the kinetic curves for the 
the gaseous phase 27, = 310 mm of Hg; formation of i- (a), and i- (b); 
1) 42°; 2) 50°; 3) 70°. c is the amount of absorbed propylene. 


corresponds to Case 1. The calculated values for the reaction of hydrolysis of the alkyl acid show a pronounced 
deviation from the experimental results. 


From the brief analysis which has been presented it is possible to draw the conclusion that the principal 
part of the alcohol, if not the entire mass of it, is formed, not as a result of the hydrolysis of the i- CsH;SO,H, 
but simultaneously with the latter through the reaction of CsHg with water. 
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ABSORPTION SPECTRA OF SOME DYES IN MIXED SOLVENTS 


Kh, L, Arvan and N, V. Ivanova 


(Presented by Academician A, N, Terenin, January 2, 1957) 


As was reported earlier [1] for some dyes in mixed solvents (water-organic solvent) a displacement of 
the absorption band toward longer wavelength had been observed relative to its position in each of the pure 
solvents, We were unable to relate this displacement to a change in the physicochemical properties of the 
solvent (viscosity, refractive index, dipole moment, volume, etc,) on changing its composition, 


\ 


log C moles/liter ——~ 50 mM % 
Acetone in solution 


Fig. 1. The relation of the ratio of the absorption Fig, 2, The relation of the position of the 

maxima of some dyes to the concentration of the absorption band maxima of some dyes to 

dye in aqueous solutions; a) Rose Begal; b) the composition of the solvent (water-acetone), 

eosin; c) rhodamine B; d) pyronine G; e) The numbers at the left show the value of the 

methylene blue; f) toluidine blue, absorption band maxima in aqueous solutions. 
g)tartrazine ; the other curve symbols are the 
same as in Fig, 1. 

As a result of this, a hypothesis was put forward 
on the mixed solvation of dyes in such solutions, 


The magnitude of the relative displacement of the band is determined both by the composition of the 
solvent and by the properties of the dissolved dye, In particular, the capacity of the dye for association in 
aqueous solutions turned out to be considerable, This capacity, as was pointed out, can be characterized, in 


the first approximation, by the value y — the relation of the long wave and the short wave maxima of the 


absorption bands ascribed to monomers and dimers, The relation of the value of this ratio to the dye concentra 
tion in an aqueous solution determines the greater or lesser tendency of the dye to associate, Furthermore, the 
steepness of the slope of the y-curve as well as the dye concentration at which a deviation of the curve from 


the horizontal commences should be examined, 


The relation of the value of y to concentration in aqueous solutions for some of the dyes investigated is 


shown in Fig, 1, and the relation of the position of the absorption band maximum to composition of the mixture - 
(water-acetone) for these dyes is shown in Fig, 2, It follows from a comparison of the figures that the greatest 
dependence of the form of the absorption band on concentration, characterized by the change in value of y, 
is observed for those dyes which have the greatest displacement of the absorption band in mixtures, relative to 
their position in the pure solvents (methylene blue, rhodamine B, toluidine blue), Rhoduline orange, Night 
blue, Nile blue and Capri blue behave analogously, The dependence of the value of y on dye concentration 
in aqueous solutions is much weaker for those dyes whose absorption band in mixtures occupies a position 
between those it would occupy in the pure solvents (for example, eosin and Rose Bengal), 


Furthermore, a monotonic displacement of the absorption band with change in dye composition is observed 
for tartrazine, Congo red and some other dyes, whose absoption spectra hardly change with changing dye con- 


centration, 


000 


Fig. 3, The relation of the position of the 
absorption band maximum of rhoduline 
orange NO to the dielectric constant of 

the solvent (for pure solvents and mixtures); 
1) water; 2) formamide; 3) methyl 
alcohol; 4) ethyl alcohol; 5) propyl 
alcohol; 6) butyl alcohol; 7) amyl 


alcohol; 8) acetone, 


A nonmonotonic displacement of the absorption 
bands with change in the composition of the mixed solution 
(water-dioxane) analogous to that described above, was 
observed by Klochkov [2] for nonassociating compounds, 
namely phthalimides, The author explained this by the 
dependence of the position of the absorption band on the 
dielectric constant of the solvent, Actually, in this case, 
the position of the absorption band for pure solvents, as 
well as their mixtures is determined by the dielectric con- 
stant of the solvent, 


As can be seen in Fig, 3, the positions of the ab- 
sorption bands of the associating dyes investigated by us 
in mixtures, do not coincide with their positions in pure 
solvents with corresponding dielectric constants, Further- 
more, the displacement of the spectrum by changing the 
composition of the mixed solvent is opposite to that ob- 
served in an analogous change of the dielectric constant 
by substituting one pure solvent for another, Due to this, 
the relative displacement of the spectra in mixed solva- 
tion is somewhat increased by considering the effect of 
the dielectric constant of the solvent, 


It follows from all this data that the formation of 
mixed solvates, characterized by the displacement of 
the absorption bands, is mainly observed in associating 
dyes, The question arises as to whether the presence of 
associates in solution are essential for mixed solvation, 


However, a specific investigation showed that the relative displacement of the absorption band did not depend 


on the dye concentration, i,e,, on its dispersion, 


In this relation, only the tendency of a given dye toward association, i.e,, its structure, is essential, In 
connection with the parallelism of association and mixed solvation processes, it may be supposed that they 
are due to the presence of the same groups in the dye molecules and the same intramolecular forces, The 
mobile equilibrium in the solution is determined by the domination of one process by the other, Presumably, 


this should explain the stopping of dye association when mixed solvates arise [1]. 
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In conclusion, we would like to thank Professor M, V. Savostyanova for constant interest in the work, 


LITERATURE CITED 


(1] Kh, L, Arvan, Bull, Acad, Sci, USSR, Phys, Series, 20, 443 (1956), 
[2] V. P. Klochkov, Optics and Spectroscopy 1, 4, 546 (1956). 


Received December 21, 1956, 


% 
= 


A STUDY OF THE Zn = Zntt EXCHANGE PROCESS ON THE FACES OF A 
ZINC MONOCRYSTAL USING RADIOACTIVE INDICATORS 


B. N, Bushmanov and G, S. Vozdvizhensky 


(Presented by Academician A, N, Frumkin, January 2, 1957) 


In recent times, it has been made progressively more apparent that electrochemical processes, and among 
them those which determine the sign and magnitude of the electrode potential, depend on the crystallographic 
orientation of the sample [1, 2]. Previously, only contradictory data existed on the potentials of monocrystals 
of zinc, aluminum, copper, iron, etc, Now, we may take it as firmly established that the various faces of these 
monocrystals have different potentials in the absence of a current as well as with polarization [3-7], The 
potential difference between different faces may attain several tenths of millivolts and considerably increase 
in the case of polarization, with an increase in the density of the current, 


Thus, it is apparent that the atom + ion exchange processes on the different faces of metal monocrystals 
differ considerably in their nature and kinetics, The use of radioactive indicators is one of the methods for 
quantitative study of exchange currents (8, 9]. Sufficiently reliable data were obtained by this method in the 
case of exchanges at an amalgam-solution boundary [10, 11]. More complicated relations exist at solid metal 
surfaces, Haissinsky, et al, ( [12] and others cited by [14]), carried out a series of investigations aimed at 
studying the connection between the exchange rates and the electrode potentials of metals, The authors arrived 
at the conclusion that the atom = ion exchange reactions proceeded very rapidly, that they were reversible 
and did not depend on the metal surface, Other investigators [13] found that the state of the surface aifected 
the exchange rate, The changes in exchange rate were ascribed to differences in crystal structure [14], At the 
same time, some considered that the exchange between a metal and its radioactive ions is not a result of a 
simple transfer due to the electrode potential [14], but that in the given case, it is complicated by adsorption 
and other processes, occurring on the metal surface, 


EXPERIMENTAL 


We chose zinc monocrystals as the subject of our investigation, This choice was dictated by the fact 
that the greatest difference in the properties of the various crystal faces could be expected with zinc [15], 
Besides that, other electrochemical properties of zinc monocrystals have been studied in our laboratories [3, 4]. 
Finally, zinc has a radioactive isotope Zn® which has a convenient half-life for radiochemical measurements, 


We obtained the zinc monocrystals using a variation of Bridgman’s method [16, 17] developed by us, The 
faces of the base were exposed by breaking the samples, cooled in liquid oxygen, and the prism faces were 


exposed by sawing, The samples were then finished with emery paper Nos, 00,000 and 0000 and electrolytically 
polished in Faust's electrolyte [18]. 


All the surface of the samples, except the surface of the face investigated, was sealed with bakelite 
lacquer, After the surface being investigated was electropolished, the samples were kept for a certain time 
in a 0.03 M solution of zinc sulfate labelled with the radioactive isotope Zn® and washed with distilled water, 
7-10 samples of each crystallographic orientation were simultaneously tested in each series of experiments, 


We give the results of one group of experiments to illustrate the suitability of the measurement procedure 
used (see Table 1 8 pairs of samples with an area of 1 cm? were investigated in each series), 


counts/ min counts/ min 


600 
|» 
~ 600 


500 


Fig. 1. A) The relation of the activity of zinc monocrystal faces to time; 
B) the same for samples connected in couples; 1) base, 2) prism, 


These results are shown graphically in Fig, 1, A, starting with a 1 minute exchange time. Exchange 
times of 5 and 30 seconds produced a wide scattering of points so that the results of these measurements cannot 
be considered sufficiently reliable. 


TABLE 1 
Base Prism 
Exchange 1+ Al 
time counts/ counts/ 
/min % /min % 


5sec 8214441 | 10045 |6744107 | 79413 
30 » 59755 | 10049 74 | 100412 
41min | 421445 | 10044 | 485-4 16 | 1184 4 
» | 444414 | 10043 | 4464 20 | 108+ 3 
» | 430419 | 10044 | 483 24 | 1104 3 
30» | 464444 | 1004-2 | 493 18 | 106 4 
» | 545424 | 1004 | 602 30 | 1104 6 


Note; I— Average activities, acquired by samples in the ex- 
change process, Al— mean square error of activity measure- 
ments [19]. 


It can be seen from Table 1 and Fig, 1, A, that the activity acquired by the prism face is approximately 
10% greater than that acquired by the base, By itself, this result may not appear convincing enough as the 
limits of the region of error for the base and the prism almost touch, We note, however, that as a result of 
52 series of measurements, the activity of 736 samples was measured and the average ratio Ipr/Ipage Obtained 
was equal to 108%, 


According to us, the surface of polycrystalline zinc (after removal of the deformed metal layer) consists 
of a mosaic of surfaces of two crystallographic faces — base and prism, shortcircuited through the body of the 
sample itself, It is known that the galvanocouple, base-prism, possesses an electromotive force [8, 4], which 
probably has a specific effect on the course of the processes determining the activity of the samples, 
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600 
2 
500 
400 
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To check this hypothesis we studied the process using samples of base-prism connected in a galvanocouple 
(see Table 2; 9 paits of samples with an area of 1 cm? were investigated in each series), These data are shown 
graphically in Fig, 1, B (starting with 1 minute), In this case the anisotropic effect is expressed more strongly 
than in the preceding case and is approximately 25%, 


TABLE 2 


Base Prism 

Exchange 1+ Al 
time Counts/ | Counts/ 

/min % / min 


5654+64 | 100411] 575-493 | 102416 
444418 | 1004 4] 539434 | 1214 8 
412+ 9 | 1004 2] 511441 | 1244 3 
36917 | 100 5] 450410 | 1224 3 
393413 | 1004 3] 4954413 | 126+ 3 
442413 | 1004 3] 554417 | 125 4 
489415 | 100 3] 629414 | 1294 3 


=} 


It follows from the above that the course of the atom + ion exchange process on the faces of a zinc 


monocrystal depend on the crystallographic orientation, The exchange proceeds more intensively on the less 
densely packed face of the prism which has a more negative potential. 


The exchange equilibrium on a prism face is displaced toward the formation of ions and on a base face 
toward the formation of atoms when base and prism samples are connected in shortcircuited couples, which 
always occurs on the surface of a polycrystalline metal. The effect of crystallographic orientation on the 
activity acquired by the samples in this case appears more marked, 
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THE APPLICATION OF LABELLED ATOMS TO THE STUDY OF THE 
MECHANISM OF ANODE EVOLUTION OF OXYGEN 


M. A. Gerovich, R, 1, Kaganovich, V, M. Vergelesov, and L, N, Gorokhov 


(Presented by Academician A, N, Frumkin, December 22, 1956) 


On the basis of results obtained from the investigation of the mechanism of oxygen evolution at a plati - 
num electrode in concentrated solutions of sulfuric and perchloric acids with large anode polarizations, a 
hypothesis was put forward on the participation of the acid anion in this process [1], We considered that the 
use of acid labelled with the heavy oxygen isotope O'* would be effective in checking such an idea, 


It was to be expected that the oxygen, evolved by the electrolysis of labelled acid at low overvoltage 
values (up to 0,9 v), would not contain the heavy oxygen isotope, while the oxygen evolved at higher over- 
voltage values, following the sharp climb of the polarization curve (Fig, 1), caused by the adsorption of the 
acid anion, would be enriched in O”, 


— log i(amp/cm?) 


Fig. 1, Anode polarization curves of a platinum electrode in per- 
chloric acid: 1) 5.8. N; 2) 7.6N; 3) 10 N, 


This report gives an account of the results of experiments in which perchloric acid labelled with 0'* 
was used as electrolyte, We chose this system as according to [2], perchloric acid does not undergo isotopic 
exchange of oxygen with water, while such an exchange does occur in sulfuric acid, especially at a high 
temperature [3], 


The labelled perchloric acid was prepared in the following way: potassium perchlorate KC1Q, was pre- 
pared by anodic oxidation of potassium chloride in heavy oxygen labelled water (1.34% O'*) to potassium 
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chlorate KC10,, with subsequent oxidation of the latter, also in labelled water; the washed out and recrystallized 
labelled potassium perchlorate was distilled with strong sulfuric acid (98%) under vacuum; anhydrous perchloric 
acid vapor was condensed in a cooled receiver, then purified by two distillations and diluted with normal doubly 
distilled water to the required concentration, * 


The electrolysis of perchloric acid was carried out in an electrolytic cell in the form of a U-tube with 
anode and cathode spaces separated by a glass filter, A bridge for controlling the anode potential during the 
electrolysis process and an outlet for the oxygen evolved were sealed into the anode space, The oxygen was 
collected in a bell under water after which it was transferred to an evacuated ampule; first the oxygen was 
passed through a trap with a cooling mixture which froze out moisture, In all cases before proceeding with an 
experiment an electrolysis was carried out for 2 hours at the given potential to fill the small air space in the 
anode limb of the electrolyzer with evolved oxygen, The experiments were carried out at a temperature of 
+ 20° and in 10N perchloric acid, also at a temperature of —30°. 


The results of the isotopic analysis of oxygen evolved during the electrolysis of solutions of four con- 
centrations with different overvoltage values are given in Table 1. 


TABLE 1 


Anode 
current 


Electrolyte density, 


Overvoltage 
inv 


— 
ticipation} 
in 


Enrichment 
in O*, in % 
Proportion 


Normal water 

Perchloric acid, 
20° 

0.015 

0.018 


0 
0.018 
0.031 

0 
0.055 
0.119 
0.141 
0.431 
0.499 
0.524 
0.525 


ow 


[Ww 


1N* 
1N 
5.8N 
5.8N 
5.8N 
7.6N 
7.6N 
7.6N 
7.6N 


Perchloric acid, 


— 30 
10 N | 2. 0.541 
10 N | 4. 0.546 


wo 


* For the amount of heavy oxygen isotope in the original 
solutions of perchloric acid before electrolysis, see footnote 
at bottom of page. 


. According to the data from mass-spectrometric analysis, the perchlorate obtained contained 1,34 % of 
the heavy oxygen isotope, the 5.8 N perchloric acid contained only 0.75% and the 7,6 and 10 N perchloric 
acid had 0.836%, 


To explain the reason for the decrease in O'* content of the perchloric acid as compared with that of 
the labelled perchlorate used, the sulfuric acid distilled from the mixture with perchloric acid remaining after 
the preparation of anhydrous perchloric acid, was electrolyzed. The oxygen evolved turned out to be enriched 
in the heavy fsotope 0” by 0.074%, It was thus established that isotopic exchange of oxygen occurred between 
the anions ClO, and SO%” when dry potassium perchlorate was heated with 97-98% sulfuric acid, 


q 

mp/cm?*} 

re) 

10-4] 0.198 

| 10-2] 0.216 

| 0.229 

10-410 198 

10-2] 0.253 

| 10-1] 0.317 

0.339 

4 10 N 10-8] 0.627 

10.N 10-1] 0.697 

10.N 0.722 

10. N 0.723 

: 
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An examination of the data given in Table 1 shows that oxygen evolved with an overvoltage of up to 
0.8 v does not contain an excess of O"*, This confirms the hypothesis put forward earlier that at low anode 
polarizations the evolution of oxygen proceeds without the participation of the acid anion by the decomposition 
of surface oxides and water discharge, At higher overvoltages, corresponding to the upper section of the polari- 
zation curve, the oxygen proved to be enriched in the heavy isotope O'*, Moreover, the amount of 0" in- 
creased with an increase in the concentration of acid anion and a higher overvoltage, 


If the proportion of acid anion participation in the process of anode formation of oxygen is expressed as 
the ratio of excess O'* content in the oxygen evolved during electrolysis to that in the original acid, then it 
is equal to zero at low overvoltage values and for high overvoltages, for example 1.55-1.6 v, it is equal to 
3.3% for 5.8 N perchloric acid, 18.5% for 7.6 N and 78% for 10 N, This is illustrated graphically in Fig, 1, 
where the values of the proportion of acid anion participation are shown in percentages depending on the over- 
voltage value at which the electrolysis is carried out, 


Thus, from the data obtained, it follows that at high overvoltage values corresponding to the upper 
section of the polarization curve, a change in the mechanism of oxygen evolution occurs, caused by the 
participation of acid anions adsorbed in the electrode, 


In analyzing analogous polarization curves which they obtained in perchloric acid (from 0.5 to 9 M), 
Beck and Molton [4] considered that the transition to the upper or, as they call it, Tafel, straight line was due to 
to the discharge of ClOy-ions with formation of the ClO, radical, Thus, they considered that in the upper 
section there are two distinct regions of overvoltage with different mechanisms of oxygen evolution: the first 
region, directly following the bend in the curve in which no decomposition of the ClO, radical was observed 
and the oxygen is evolved by the reaction of the radical with water according to the scheme 2C1Q, + HyO > 
—> 2HCIO + 2HIC1Oy + 3/, Og, and the second region, starting at currents which are approximately 10 times 
greater than those corresponding to the beginning of the bend in the curve in which chlorine dioxide is found, 
formed by the decomposition of the ClQ, radical as indicated in papers [5, 6]. 


In the light of results obtained by us such a hypothesis on the mechanism of oxygen evolution does not 
seem completely correct, Actually, an analysis of the anolyte after electrolysis of 10 N perchloric acid 
carried out at a current density which corresponded to the beginning of the upper section of the polarization 
curve, did not show the presence of chlorine dioxide nor of C10 - ion, while the proportion of participation 
of C10, - ion in the process of oxygen evolution according to mass-spectrometric data reached 67%, We 
detected the appearance of chlorine dioxide in the anolyte and observed, simultaneously, an increase in the 
heist of acid anion participation in oxygen evolution to 78% only at higher current densities (3 + 10 - 
amp/cm), 


The quantitative determination of chlorine dioxide in the anolyte was carried out iodometrically [5], 
while that of chlorate-ion by a colorimetric method (photoelectrocolorimeter of the type FEK~-52) using the 
reaction with phenylanthranilic acid in a strong sulfuric acid medium, thus allowing the determination of a 
C10g -ion content of less than 0,005 mg/ml [7]. In the case of the electrolysis of more dilute solutions of 
perchloric acid, an analogous picture was observed with the only difference that at current densities correspond- 
ing to the beginning of the upper section of the curve, traces of C10, -ion were detected amounting to 0.2% 
of the proportion of acid anion participation, while the presence of chlorine dioxide was detected in the anolyte 
at current densities higher than that used for the electrolysis of 10 N acid, 


On the basis of these data, we may suppose that for polarization during which chlorine dioxide would be 
detected, regardless of the observed enrichment of the oxygen in O'* isotope, the oxygen is not evolved as a 
result of ClO, -ion discharge, The sharp increase in the electrode potential apparently causes a strong defor- 
mation of the adsorbed anions, This creates the conditions for the oxygen exchange reaction between adsorbed 
anion and the surface oxide of the platinum and for the enrichment of the evolved oxygen in O'* isotope, Only 
at high current densities (from 107! amp/cm® and higher), at which an increase in the slope of the polarization 
curves is again observed, does the partial discharge of acid anion start, accompanied by the formation of C1Oy 
ions in the anolyte and by the evolution of ClO), 


It should be noted that the aqueous oxygen, distilled from the acid after electrolysis, had the usual iso- 
topic composition, which indicates that there was no isotope exchange between the electrolysis products or 
semiproducts, found on the electrode surface, and water and confirms the irreversibility of the electrochemical 
stage of the formation of surface oxide, 
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In conclusion, we would like to express our thanks to Academician A, N, Frumkin for valuable advice 
during discussion of the results of this work, 
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ELASTIC-RESILIENCY AND VISCOUS-PLASTIC PROPERTIES 
OF THERMOSETTING PLASTICS 


I, F. Kanavets and L, G, Batalova 


(Presented by Academician P, A, Rebinder, November 20, 1956) 


Changes in the mechanical properties of thermosetting plastics under the effect of temperature and the 
prolonged action of loads have not been studied thoroughly, A closer link between the structure of the material 
and its mechanical properties based on contemporary ideas on high polymers and the work of P, A, Rebinder 
results from measuring the kinetics of the development of pure shearing after the application of a given constant 
pressure and the kinetics of recovery from deformation after unloading [1]. 


The investigations were carried out using the most important types of plastics, based on phenol-formalde- 
hyde and aniline -formaldehyde resins of the bakelite and lacquer types, Samples for the tests were prepared by 
hot molding using processes that gave the degree of hardening of the resins required for technical products, 
The measurements of the elastic-resiliency and viscous-flow properties of the hardened plastics were carried 
out on specially constructed apparatus, which allowed the measurement of the shearing strain, developed by a 
constant force in the regions of elastic-resiliency and plastic flow, as angle of turn in degrees with an accuracy 
of up to 0,2°, 


The measurements were carried out on cylindrical samples of 10 mm diameter and 100 mm length in the 
effective section, at stresses of 50 to 425 kg/cm*, temperatures from 20 to 180° and times from 1 to 500 hours, 


The magnitude of the torque, which was constant with respect to time, was set by a load suspended on a 
pulley with a 100 mm radius, The relaxation stress in the materials and the ultimate shear stress P, were 
measured with a pendulum dynamometer by the decrease in the angle of oscillation of the pendulum with 
time, The modulus of elasticity, coefficient of viscosity and relaxation time were calculated by the method 
explained in P, A, Rebinder’s paper [1], 


As a result of the measurements carried out it has been established that: 


1, Thermosetting plastics at normal temperature and under the effect of a constant, continuously acting 
load at stresses above the yield point Py, besides resilient and elastic deformation, also sustain residual de- 


formation, Irreversible deformation is observed also after tempering the sample at a temperature of 90° for 
15 hours, 


2, Loading causes resilient deformation in various types of materials at normal temperature that is 2 
to 3 times greater than the elastic deformation (Fig, 1), In unloading the sample, the resilient recovery is 
also 2 to 3 times greater than the elastic recovery, Resilient and elastic deformation are greater on loading 
than unloading, the modulus of elasticity is 2 to 3 times greater than that of resiliency, 


The moduli of resiliency and elasticity are greater during the unloading and subsequent reloading than 
at the primary loading (Tables 1 and 2), 


The magnitude of the resilient deformation grows with increase in stress, in proportion to the applied 


stress up to 300 to 350 kg/cm’, while the elastic deformation also increases with an increase in time of action 
of the force, 
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The moduli G, and Gg remain practically unchanged under a load of up to 325 kg/cm? and at normal 
temperature, Depending on the grade of the material, the value of the modulus of resiliency under shearing 
action lies within the limits of 16,000 to 22,000 kg/cm’, while the modulus of elasticity is within the limits 
of 50,000 to 79,000 kg/em*, A certain decrease in the moduli when the stress is increased from 325 kg/cm* 
to 425 kg /em* and then an increase with repeated loading (see Tables 1 and 2) are explained not by the de- 
velopment of new chemical bonds on loading, but by the destruction of infrequent links between the different 


molecular aggregates and with repeated loadings more frequently cross linked polymer chains begin to play a 
part, 


TABLE 1 


Changes in Elastic-Resiliency and Viscous-Plastic Properties of Press- Material 
K-18-2 in Relation to Temperature, 


Temperature, °C 


100 


3, The duration of the action of the force decreases the value of the resilient deformation recovery in 
the following way: after 30 seconds (material of K-18-2 grade) the resilient deformation is greater on loading 
than on unloading by 10%, after 20 hours — by 25% and after 500 hours — by 50%, This also indicates the partial 
breakdown of bonds (infrequently *knitted" separate chains), Elastic deformation, however, on loading with in- 
creased time of loading action, surpasses by approximately 45-60% the deformation on unloading, The end of 
the development of elastic deformation and emergence of a straight line (the tangent whose slope is used to de- 


termine viscosity) at normal temperatures and stresses above yield point are observed during the time from 100 
to 300 hours and more, depending on the grade of the material. 


TABLE 2 


Changes in Moduli of Resiliency and Elasticity of Press- Material K-18-2 in 
Relation to Temperature (Under Load), 


Temperature, °C 
20 60 80 | 100 120 140 160 | 180 
G,, kg/cm? 87000 | 85000} 23000} 15000} 9230 | 9250 |6100 | 7310 
G2, kg/cm 180000 | 62000] 43000] 29200|22000 116000 141480 | 9800 


To obtain invariable values for viscosity and relaxation periods, the duration of the experiment must 
be greater than the time indicated for the development of elastic deformation and emergence of a straight 
line, By increasing the stress above yield point to the breakdown of the material in a shorter testing time, a 
certain increase (within the two-fold limit) of viscosity and relaxation periods is observed, Therefore, machine 
testing, carried out with small, practically possible loading rates, do not give invariable indices of viscosity 


and relaxation periods, The relaxation periods T, and T2 of thermosetting plastics are measured in tens of 
years (see Table 1 and Fig, 3). 
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» | |» | ow | 
G, kg/cm? 22140 1414300 {10000 | 7000 | 4900 | 3850 | 1920 1635 
7110-18, poise 6400 | 450] 160] 60] 25] 10] 5 88 | 8.62 
sec 239 131.4| 16/858] 5.41259] 3.03 | 5.28 
7 Ge, kg/cm? 59700 |25000 |17200 |10550 | 5000 | 2000 | 792 | 400 

10-1, poise 2400} 180] 75| 2516.86] 4.3] 2.79 | 4.71 

,-10-?, sec 402 | 72 43.7 | 23.71413.7| 6.5] 35 | 418 
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4, Resilient and elastic deformations increase with increase in experimental temperature (Fig. 1), Be- 
sides that, elastic deformation remains less than the resilient at a temperature lower than that of thermostability 
(Ts) while it increases sharply in comparison with the resilient at temperatures above T,. This indicates that 
there is no frequent “knitting* of polymer molecules within the whole volume of the material, 


kg/cm? 


degrees 


8 


8 


Ultimate shear stress Py 


Deformation - angle of turn 


40 140% 


Fig. 1, The increase in the resilient (1) and elastic (2) deformation 
on loading in relation to temperature, as well as after removal of 
load — resilient (3) and elastic recovery (4); 5 — decrease in the ulti- 
mate shear stress with increase in temperature, In repeated experi- 
ments Py was higher than 250 kg/cm’, 


5. The stress applied decreases with the passage of time not to zero but to a certain limit of Py of the 
order of 200 -250 kg/cm’, which determines the ultimate shear stress and appears as a measure of the branching 
of the polymer chains and structural lattice in phenol-aldehyde plastic, In a repetition of the experiments the 


value of Py increased from 250 to 350 kg/em 
(Fig. 1). The limit of shear stress decreased 
with an increase in temperature by the same 


law: Py = (A is constant, U is 


kg/cm? 


nN 


the bond energy), by which the coefficient of 
viscosity decreases with increase in tempera- 
ture, 


Modulus * 10 


6. The ultimate shear stress Py, the 
moduli of resiliency and elasticity plotted 
against the reciprocal absolute temperature 
M32 a0 28 26 262277. in semi-logarithmic are expressed 

2 60 6) 80 WO 120 40 BO % by two intersecting lines (Fig, 2), The break 
point falls in the temperature region of thermo- 
Fe tabilit roximately 137°), The b 
Fig, 2. Changes in the modulus of resiliency under 
energy, determined by the tangent of the 
shearing action G, and in the modulus of elasticity 
f : slope of the lines at the section below the 
Gz of grade K-18-2 material and ultimate stress under 
i : temperature of 130°, lies within the limits 
shear Px in relation to the reciprocal absolute teim- 
of 3300 to 3830 cal/mole of the units, This 
perature; a, b) Gy and Gg under load; c,d) Gy and . i 
‘ indicates the predominance of hydrogen type 
Gz on unloading, 
intramolecular bonds, Above 130°, the slope 


3 
“Ultimate shear stress 
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of the lines to the absicissa is greater (Fig. 2), The activation energy, determined by the slope of the lines, 
changes from 8900 to 17,650 cal/mole of units, Such a value for the activation energy is observed in the 
hardening processes of phenolformaldehyde resins in press-powders [2]. 


Consequently, under the effect of shearing deformations in technical materials prepared on the basis of 
phenol-cresol- and aniline-formaldehyde resins, a further chemical hardening process occurs only at tempera- 
tures above 130°, These experiments confirm the fact that the time of seasoning, established by the outer 
appearance of the phenol-aldehyde plastics, does not ensure the completion of the reaction, Furthermore, 
after the completion of the reaction, the shearing deformations (in repeated experiments) overcome the re- 
sistance only of the hydrogen bonds, This is indicated by the parallel course of the two upper lines (Fig. 2), 
for which the bond energy lies within the limits of 3300-3800 cal/mole of units, 


7, The fact that at normal temperature, resilient deformation is greater than elastic, while the modulus 
of resiliency is less than that of elasticity, indicates a friable plastic structure which is sparsely “knitted by 
hydrogen bonds, Under the effect of loading, the sparse lattice is broken and therefore on reloading and on in- 
creasing the deformation the more frequent interlocking of the branched polymer chains is overcome and this 


explains the absence of full reversibility under repeated loading as not only due to the great viscosity of the 
elastic flow, 
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Fig. 3, Changes in the modulus of resiliency G, and elasticity Ge, 
coefficient of viscosity n, and relaxation time 1, of viscous flow 
and coefficient of viscosity nN, and relaxation time 72 in the region 
of elastic flow in relation to temperature, 


Some authors appraise this effect as the consolidation of the material on repeated loading [3]. The 
"knitting" of the polymer chains in the aggregare in the phenol-formaldehyde press-materials does not spread 
through the whole thickness of the material, and due to this it is possible that the development of elastic de- 


formation to a high value in comparison with the resilient one is actually observed at temperatures higher than 
Ts and at stresses higher than the elastic limit (Fig. 1). 


8. A decrease in moduli of resiliency Gy and elasticity Gz and viscosities of plastic n, and elastic n2 
flow (relaxation periods T, and 72) with increase in temperature is observed only up to the temperature of 
thermostability, At temperatures higher than Ts, there is an increase in ny (and 1,),while m2 (and 
crease much more than my and 7, (Fig, 3), This is explained by the chemical reaction which occurs in 
thermosetting press-materials under the effect of temperatures higher than 130° and of shearing deformation, 


in- 


5 poise sec 
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The shearing deformations partially destroy the friable resin structure and thus eliminate steric hindrances to 
the entry into reaction of unreacted products, As a result of such a reaction the "knitting" of polymer links 

in the chains prevails and, to a lesser degree, the “knitting” of separate aggregates with each other takes place 
and this explains the greater increase of the relaxation period of elastic flow T, as compared with the period 
of plastic flow 74, at temperatures higher than 130° (Fig. 3). 


Due to these reasons, objects of thermosetting plastics are made stronger when a greater degree of the 
friable resin structure is destroyed in flow during the formation of the objects than when the objects are formed 
with almost complete absence of material flow. 
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THE MECHANISM AND [{SOTOPE EFFECT OF THE PRIMARY ACT OF THERMAL 
DECOMPOSITION OF CHLOROFORM 


A, E, Shilov and R, D, Sabirova 


(Presented by Academician N, N, Semenov, January 3, 1957) 


In recent papers on thermal decomposition of organic halogen derivatives, one of two mechanisms have 
usually been assumed for the elementary act of molecular decomposition of these compounds; the radical 
mechanism with breaking of the C-Hal (R-X—> R*+ X*) bond or the molecular mechanism of directly 
splitting off H-Hal through a four membered transition complex (for example, 


H--- Br 
C,HsBr H— C — C ~ H HBr). 


In principle, a third mechanism of molecular decomposition could be visualized; the splitting out of H—Hal 
from one of the carbon atoms with the primary formation of the divalent C derivative; 


R H Ri 


1 


Ry X Rs 


We shall call this mechanism biradical.* The biradical decomposition mechanism has been assumed at 
different times for some compounds but has not been sufficiently substantiated in any of the cases, 


While studying the thermal decomposition of methane chloro derivatives, we came to the conclusion 
that such a mechanism, the direct splitting out of the hydrogen halide, does occur in the case of chloroform 
and methylene chloride, 


Data on chloroform and also deuterochloroform CDCk decomposition are presented in this paper, 


The reaction was investigated in a vacuum flow system, similar to the one used for the investigation of 
C,H,C1 decomposition [1], The chloroform was passed at low pressures through the heated reaction vessel in 
excess toluene vapor or without a carrier gas, The reaction products together with the undecomposed chloro- 
form entered a trap system where they were analyzed, As is known [2], HCl and C,C\ as well as a small 
amount of C,Clg, CzHC1;, etc, are the products of thermal decomposition of chloroform, HCl and C,Ck were 


9 This name is to a great extent conditional as the particle formed may not perhaps be a biradical in the 


strict sense of this word (for example CO), 
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quantitatively determined in our experiments, Hydrogen chloride was determined by titration with alkali and 
a micro Volhard titration, In experiments with CDCk, for the determination of DC] in hydrogen chloride, the 
latter was treated with CH,Mgl to give methane which was analyzed on a mass-spectrometer for CH,D con- 
tent.* Special experiments with a previously prepared mixture of HCl and DC1 showed that the isotopic 
composition of the methane coincided with the 
TABLE 1 composition of the hydrogen chloride used with 
an accuracy of 1%, By this method it was possible 
to analyze for less than 1 -10™ mole of DCI, 


C,Cl, was frozen out in a U-tube, which was 
Pcuci, | Pc,H,CcH, | k cooled to between —40° and —50°, and deter- 
Ee) mm mm mined by weighing, 
w 
Deuterochloroform was synthesized from 
4 35.9 -- eon nad chloral by treating it with a solution of KgCQ, in 
2 | 29.3 = 
3 0.354 0.266 heavy water (b. p. 61°, Np = 1.4452), 
0.456 In experiments on the investigation of the 
6 17.3 _ 0.426 0.281 isotope effect, normal chloroform was synthesized 
by the same method, Toluene was prepared by 
9 7.66 10.4 0.288 | 0 266 the hydrolysis of pure paratoluenesulfonic acid by 
10 | 6.40 we, 1.24 | 0.143 distillation on a column (b, p. 110.5°, np = 
11 2.03 11 0.294 0.250 = 1.4968 
12 | 1.84 | 13.8 | 0.416 | 0.272 = 1.4968). 
; Chloroform decomposition was investigated 


in the range 485-660°, The results of experiments 
at 584° are given in Table 1, It can be seen that 

chloroform decomposition follows the monomole- 
cular law, 


1000/y 


Fig. 1. The relation of the reaction rate constant k to 
temperature: a) CHC} in a toluene stream; b) CDC in 
a toluene stream; c) CHCl with no carrier gas, 


Mass-spectrometric analysis of the HC] and DC] mixture itself turned out to be extremely difficult, 
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In experiments without a carrier gas, a rate constant of the first order (the constants were calculated 
oh HCl) was maintained at 16-36 mm pressure but fell at lower pressures, No fall in the rate constant was 
observed in a toluene stream at low pressures of CHC; furthermore, the reaction rate in toluene and with no 
carrier gas was the same, This, on the one hand, shows that the fall in constants at low pressures is due to 
energetic, and not chemical, factors and, on the other, proves the absence of an inhibiting effect of toluene 
in the decomposition reaction, It is important to note that in experiments using a toluene stream, there was 
almost no dibenzyl in the reaction products (less than 2-3% of the HC1), The amount of hexachloroethane in 
the reaction products without a carrier gas was approximately 10% of the HCl, 


Packing the reaction vessel with glass wool or quartz glass did not cause any noticeable change in the 
reaction rate, The relation of the rate constants to temperature in the coordinates log k, + (Fig. 1, Line 1) 


is expressed by the formula: 


47000 


k= 2.63-10%e — RT 


These data are in sharp contradiction to the radical mechanism of CHCl, decomposition, put forward in the 
recent paper by Sameluk and Bernstein [2]: 


CHCI, Cl. -+ -CHCl, 
Cl + CHCl, + HCl + -CCls 
CHCl, +- CHCl, + -++- + CCly. 


Actually, the decomposition tate constant is too great (the activation energy too small) for homogeneous 
radical decomposition at the C—C1 bond, which should proceed with an activation energy, equal to D(C—C}) 
in CHCk (~ 70 kcal), The radical mechanism, in carrying out the reaction in toluene, would have lead to 
the formation of dibenzyl in an amount comparable with that of HCl (compare with the decomposition of 
methane bromo derivatives [8, 4]), since of the two particles formed (Cl* and +*CHClk) at least the chlorine 
atom would have reacted with toluene with the formation of a benzyl radical, Neither can we accept some 
chain system of CHCk decomposition, asthe absence of inhibition of the reaction by toluene indicates the 
absence of chains, 


TABLE 2 
Decomposition of CHCk and CDCk in Toluene (t = 57°), 


no. mm men mm | 
1 0.758 19.4 0.681 0.222 
2 0.856 419.4 0.656 0.233 
3 4.295 17.4 0.700 0.135 
4 — 2.51 17.0 0.706 — 0.145 
5 _ 2.69 19.6 0.672 — 0.143 
6 — 2.85 49.1 0.709 —_ 0.138 
7 3.89 — 23.5 0.687 0.258 — 
8 4.16 — 22:3 0.720 0.209 oo 
9 4:47 — aa.% 0.687 0.234 


Average 
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It is interesting to compare the data on chloroform and deuterochloroform decomposition, It is obvious 
from Table 2 that the decomposition occurs with an obvious isotope effect, The ratio of the decomposition 
rates of light and heavy chloroform at 574° is equal to 1,65, The relation of the decomposition rate of 
CDCk, to temperature is shown in Fig. 1 (Line 2), The slope of the line, similar to that of CHCly, gives a value of 
of 47 + 2 kcal for the activation energy, The accuracy of the experiment, however, was not sufficient for de- 
termining the separate contribution of the isotope effect to the value of the activation energy and the pre- 
exponential factor, 


Table 3 gives data on some experiments on the determination of the isotopic composition of hydrogen 
chloride in CDCk reaction products, As can be seen from the table, about 35% of DC] is contained in the 
hydrogen chloride, formed by CDC decomposition in excess toluene, It is remarkable that this relative 
amount of DCI does not depend on the ratio of CDCk and toluene, on temperature or on time of contact, The 
isotope effect in chloroform decomposition indicates that the H atom participated in the rate determining 
step. The formation of considerable amounts of DC1 in CDCl decomposition in toluene and the fact that the 
reaction was first order indicates that this rate determining step is the biradical decomposition; 


CHCl, HCI + CCI, (1) 


Actually, in the case of the primary formation of atomic chlorine it should react with toluene (which is always 
present in excess) with the formation of light HCl alone, To prove thissexperiments were carried out in which 
molecular chlorine was added to the stream of CDC in toluene (under conditions of slight CDCl, decomposi- 
tion), The hydrogen chloride formed turned out to be light, Furthermore, if the isotopic composition of the 
hydrogen chloride formed had been the result of the competing reactions of the C1 atom with light toluene 

and heavy chloroform, then the amount of DC] in the products would have depended on the ratio of chloroform 
to toluene in the stream, Actually, this was not observed, The large amount of light HC1 in the hydrogen 
chloride in the reaction products of CDCk in toluene indicates, however, that part of the hydrogen chloride 
(approximately half, as shown by experiments without toluene) was formed not by Reaction (1) but by some 
reaction with toluene, Special experiments carried out at temperatures up to 700° and a contact time up to 
0.4 seconds, showed that DC] does not exchange readily with toluene under these conditions, Furthermore, if 


there was exchange of the DC] first formed with toluene then the isotopic composition of the hydrogen chloride 
would have depended on the time of contact, 


TABLE 3 


Taking into consideration the equality of the reaction rates in toluene and with no carrier gas, we pre- 


sume that a secondary reaction with HCl formation takes place in both cases, The following reactions are 
possible, 


Without a carrier gas; CCl, + CHCk —>» HC1+C,C\; in toluene: CCl, + CgH3CH,;—> HCl +C,H,CH = 
= CHCl, 


al 
P P 
: °C C,H,CH,’ Ths sec DCI, % 
BS 
ne 
ot 4 | 587 | 7.04 -- 1.48 84 
ee 2 | 5&2 3.36 15.9 0.490 36 
foe. 3 | 622 0.764 14.0 0.216 33.4 
ce 4 | 652 0.286 16.8 0.178 39 
oe 5 | 652 | 1.88 16.9 | 0.362 | 35 
oe 6 | 652 0.507 18.9 0.107 30 
= 7 | 652 | 0.570 | 15.9 | 0.338 | 38 
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The formation of C,Clg is, apparently, the result of dimerization of CCk radicals, possibly formed by 
the reaction 2CCl,—-* CCl+ CCl, Of course, such a mechanism of secondary reactions is purely hypothetical, 


However, regardless of this, the primary decomposition of chloroform by the biradical mechanism seems to us 
proved, 


We consider it our duty to express our thanks to V, L, Talroz, V. 1, Gorshkov, and V, E, Skurat for 
carrying out the mass-spectroscopic analyses, 
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CALCULATION OF THE HEAT AND ENTROPY OF ADSORPTION 
FROM A SINGLE ADSORPTION ISOTHERM 


B. P. Bering and V. V. Serpinsky 


(Presented by Academician M. M. Dubinin, January 10, 1957) 


Determinations of the heat and entropy of sorption in relation to the amount of substance sorbed are 
usually carried out either by direct calorimetric measurements or by thermodynamic calculations based on an 
experimental determination of the temperature coefficient of sorption, The fundamental principles underlying 
each of these methods are well understood and do not raise any doubts, However, both these methods, 
particularly the first one, are very laborious and entail a high standard of experimentation, Below we are 


going to show under what conditions these important thermodynamic characteristics of sorption can be calcu- 
lated from a single adsorption isotherm, 


The extensive experimental work which has accumulated over several decades shows thatin the great 
majority of cases the fundamental postulate of the potential theory of adsorption, put forward by Polanyi 
already 40 years ago, has been excellently supported by the facts. According to this postulate the so-called 
adsorption potential « =—RT In h (where h is the relative pressure) is independent of the temperature when 


the fully occupied adsorption space yg = aV (a = adsorption, V = molar volume of the adsorbate) remains constant, 
i.€., 


(0c/OT)» = —R(AT Inh/AT)ay = 0. 


It is easily seen that the shape of the curve gy = f(€), the so-called characteristic curve, is determined 
uniquely by a single adsorption isotherm, and in accordance with Equation (1) the characteristic curve, in 
turn, determines uniquely the adsorption isotherm atsome other temperature close to that of the first isotherm, 
i.e., it determines the temperature coefficient of adsorption, Thus, if Condition (1) is fulfilled, it should be 
possible to calculate the heat and entropy of sorption froma single adsorption isotherm, 


In fact, if we choose the quantities aV, T and In h as our variables, we can express the thermal equation 
of adsorption in the form F(aV, T, In h) = 0. Hence we obtain: 


— 
OT Jinn In OT Jav 
From Condition (1) it follows that 


h/OT)ay = —Inh/T. 


In addition, we have the relation: 


oT 


(3) | 
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where a is the thermal coefficient of bulk expansion of the adsorbate, 
Combining Equations (2), (3) and (4) we obtain 


(0a/0T) inn = (0a/0 In In h/T — aa. (5) 


If a different set of variables is chosen, the thermal equation of adsorption can also be expressed in the 
form ¥ (a, T, Inh) = 0, whence it follows that 


(0a/0T inn = — (Oa/0 In (0 In h/OT)q. (6) 


Equating (5) and (6) and bearing in mind that in accordance with the Clapeyron-Clausius equation 
(a Inh/a T)g = q/RT? , where q is the true heat of adsorption, we finally obtain 


= =aRT? (0 Inh/d|na)r — RT In. 


In this equation Q represents the differential heat of adsorption and A the heat of condensation of the 
adsorbate,* 


If, as is usual, we now consider the standard state of the adsorbate as that of the liquid at the same 
temperature as the adsorbate and at the pressure of its own saturated vapor, and if we equate Expression (7) with 
the Gibbs-Helmholtz equation, 


q =e—T = RT (AInh/OT), — RT Inh, (8) 
we at once obtain an expression for the differential entropy of adsorption: 
AS = (0s/0T)a = —«RT (0 Ina/d In A)r. (9) 


We have now collected considerable amount of experimental data which show that heats of adsorption 
calculated from a single adsorption isotherm by means of Equation (7) are in very good agreement with direct 
calorimetric measurements and with the results of reliable calculations based on adsorption isosteres, The scope 
of this communication makes it necessary for us to limit ourselves to a few examples illustrating this agreement, 


In Fig, 1, Curve 1 represents the differential heat of adsorption Q of ammonia on active charcoal as a 
function of the amount adsorbed, calculated using Equation (7) and the adsorption isotherm at 0° taken from the 
data of Titov [1]. The points represent values of Q calculated from calorimetric measurements carried out by 
Titov. In the same figure, Curve 2 represents values ofQ calculated in a similar manner using Equation (7) 
and the adsorption isotherm of n-hexane on active charcoal at 20° as determined by N. N. Avgul, A. V. Kiselev 
et al, [2]. The black points correspond to the calorimetric determinations of the same authors, 


In Fig. 2 is represented a similar comparison of values calculated from Equation (7) (line) with those 
obtained directly by calorimetric determinations by Beebe, Kington, Polley and Smith [3] (points) in the case 
of the adsorption of n-butane on graphitized carbon black Spheron-6 at 0°. In view of the absence of tabulated 
data in the paper by these authors the initial portion of the curve could not be calculated with a reliable degree 
of accuracy and is, therefore, traced as a broken curve, Finally, Curve 3 in Fig. 1 represents a comparison of 
results calculated from Equation (7) (continuous curve) with results calculated from isosteric heats of adsorption 


* It can be shown that, in general, if = (1/aV) @ aV/0T)j,p # 0, which is equivalent to the nonfulfillment 
of Condition (1) postulated by Polanyi, Equation (7) can be replaced by 


q = (a —€) RT? (4 In h/d In a), — RT Inh. (7a) 


It must be noted that Equations (7a) and (7) may be obtained directly from the Gibbs-Helmholtz 
equation, 


(7) 
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by means of the Clapeyron-Clausius equation. These data refer to the adsorption of furane on silica gel at 25° 
[4]. The circles represent values of Q given in communication [4]. 


From the sequence of considerations leading to Equation (7) it is evident that this equation holds only 
if Condition (1) is fulfilled. Nevertheless, Equation (7) may be expected in many cases to furnish good agree- 
ment with experiment even when Condition (1) is not fulfilled, In fact, we have 


Q=—TAS+e+h, (10) 


while from Equation (7a) it follows that any deviation from Condition (1) affects only the term TAS. There- 
fore, in cases where the contribution of this term in Equation (10) is small even considerable values of — will 
introduce only a small error in the value of Q, The magnitude of the term TAS can be judged directly from 
the shape of the adsorption isotherm since it is directly proportional to the derivative (@ In h/d In a)}y. It may 
be expected (and this is borne out by calculation) that, for example, in the region of capillary condensation or 
in the region where adsorption isotherms of water vapor on carbon black adsorbents exhibit a steep rise, the 
differential heats of adsorption calculated from Equation (7) will always be close to values determined experi- 
mentally, 


It must, however, be stressed that on theoretical grounds it is entirely inadmissible to neglect the term 
TAS. The equating of q to €, as has been done by Halasz, Schay and Szonyi [4] is, obviously, equivalent to 
confusing the change in internal energy with the change in free energy. In many cases in calculations of Q 
the term TAS has a decisive significance, 


In conclusion it may be mentioned that if the analytical expression of the equation of the adsorption 
isotherm is known, it is possible, by combining the latter with Equation (7), to obtain the corresponding 
analytical form of the dependence of the differential heat of adsorption on a or h, There are reasons to 
believe that the method of analysis of adsorption problems ensuing from this may prove to be very promising. 


The authors wish to express their sincere gratitude to M.M. Dubinin for hisinteresting and valuable 
criticisms, 
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ADSORPTION OF ALIPHATIC ALCOHOLS FROM SOLUTIONS ON SILICA GEL 
AND "'WHITE SOOT" 


A. K. Bonetzkaya and K. G. Krasilnikov 
(Presented by Academician M. M. Dubinin, January 8, 1957) 


The adsorption of alcohols and acids of ahomologous series from nonpolar solvents on porous hydrophilic 
adsorbents — silica gels and alumino-silicates — has been studied in papers[1, 2, 11]. These investigations have 
established that the limiting adsorbed amounts of the substances decreases with increasing length of the hydro- 
carbon radical, while the limiting adsorbed volume in the case of the comparatively large-pore adsorbents 
studied remains constant [3, 11] (the law of the constancy of the limiting adsorbed volume [4]). The decrease 
in the adsorption of members of increasing molecular weight in a homologous series has been related to bulk 
interactions in solutions (change in solubility of the members of a homologous series [1]), or has been attributed 
to the influence of the porous structure of the adsorbent in the sense that instead of the formation of regularly 
oriented layers there takes place complete filling up of the pores with molecules of the adsorbate [3, 5]. 


As has been indicated in papers [2-4], in the case of nonporous hydrophilic adsorbents it may be 
expected that the limiting adsorbed amount of alcohols and acids of ahomologous series remains constant, 
This is in accordance with the assumption that the adsorbed molecules are oriented in such a way that they inter- 
act with the surface through their polar groups while the hydrocarbon radical chains are turned towards the 
solution, that is, the molecules form a layer which is structurally similar to condensed films of aliphatic 
compounds on a water surface. In this case the number of molecules per unit area of the surface will not 
depend on the length of the hydrocarbon radical. In the case of nonporous hydrophobic adsorbents measure - 
ments of adsorption of infinitely soluble alcohols and acids from their aqueous solutions [6, 7] have shown that 
the limiting adsorbed amounts increase with increasing number of carbon atoms in the molecule, The investi- 
gation of adsorption from solutions on porous and nonporous adsorbents with surfaces of identical nature is of 
considerable interest because it permits of an assessment of the influence of the porous structure of the 
adsorbents and is also useful for the purpose of deciding the orientation of the adsorbed molecules in the 
surface layer. In the case of hydrophobic adsorbents a comparison of the adsorption isotherms of some organic 
substances from aqueous solutions on carbon and nonporous soot has been described in [8]. As far as is known 
to us corresponding data for hydrophilic adsorbents are not available, 


In the present work we have carried out measurements of the adsorption of normal aliphatic alcohols from 
solutions in CCl, on two specimens of silica of different structure, The porous sample was the silica gel KSK-2 
[9] having a prevalent pore diameter of 60 A and a specific surface area of 400 m’/g. The specimen used as the 
nonporous adsorbent was the so-called “white soot" obtained in the form of a very loose powder (loose specific 
gravity 0.025 g/cm*) by burning the vapor of the ethyl ester of orthosilicic acid. Its specific surface area was 
determined by the B.E.T. method from the adsorption isotherms of nitrogen as well as by statistical evaluation of 
electron microphotographs and was found to be equal to 240 m*/g and 220 m?/g, respectively.* The closeness 
of these values indicates that white soot is practically a nonporous adsorbent, The same conclusion may be 
derived from the data given in paper [10] which describes a study of the adsorption of Freon vapor (CC],F2) on 
a similar silica preparation, The content of structural water in the prepared samples was 4.2 4M/m? in the 


* The first type of measurements have been carried out by E. A. Sysoev, the second by E, A. Leontyev to both 
of whom the authors express their thanks, 
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Fig. 1. Adsorption isotherms of n-alcohols from CCl on "white soot" (a) and on silica 
gel (b) referred to 1 g of the adsorbent (A) and to 1 m® of its surface area (B); the 
numbers on the curves denote the number of carbon atoms in the molecule of a given 
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case of the silica powder, and 4,1 4 M/m? in the case of the 
silica gel, Thus, the two adsorbents differed greatly in 
their structure, but both possessed practically the same degree 
of surface hydration, On account of the large volume taken 
up by the silica powder and the resultant lowering of the 
relative amount of adsorbate extracted from the solution, 

it was difficult to carry out adsorption measurements at high 
concentrations, We therefore limited ourselves to the 
determination of those portions of the isotherms corresponding 
to constant adsorption which in the case of all the alcohols 


investigated was attained at concentrations of about 5% onthe 
pure solvent [11]. 


As will be seen from Fig. 1A, the results obtained for 
silica powder and for silica gel do not differ from each 
other, In both caies the limiting adsorbed amount decreases 
with increasing length of the hydrocarbon radical and is 
displaced towards the region of lower equilibrium concen- 
trations [12]. Similar results were obtained on the same 
silica gel with n-heptane as solvent, with the exception of 
methyl alcohol which is only partially soluble in heptane 


and in which case the adsorption isotherm was S-shaped 
{13}. 
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TABLE 1 


Limiting Adsorbed Amounts and Limiting Adsorbed Volumes of a Number of n-Alcohols 
on "White Soot" and on Silica Gel 


White soot Silica gel 


Alcohol 


Methyl 
Ethyl 
Butyl , 
Hexyl 
Octyl 
Octadecyl 


If it is assumed that the observed decrease of the limiting adsorbed amount in the order of a homologous 
series may be due to the competition of the solvent for the adsorbent surface, then adsorption of the solvent 
will, evidently, increase as that of the alcohol decreases, i.e., as we pass from lower to higher alcohols. We 
have made attempts to determine the extent of adsorption of the solvent in these systems, For this purpose the 
adsorption isotherm of octyl alcohol on silica gel was extended into the region of high concentrations, On 
extrapolating the curved portion of this isotherm to the point of its intersection with the axis of abscissae we 
obtained values close to the concentration of the pure alcohol. Since extrapolation effected in this manner 
cannot yield sufficiently accurate results, we have carried out supplementary determinations of the adsorption of 
CCl, from its solutions in octyl alcohol over the concentration range in question, However, within the limits of 
experimental error no observable adsorption could be detected, From the isotherms obtained we have calculated 
the full amounts, a, of the adsorbed substances in the surface layer (Table 1), 


Thus, the decrease in the adsorption of alcohols with increasing length of their hydrocarbon radicals is 
not affected by the porosity of the adsorbent nor can it, apparently, be attributed to the competition of the 
solvent, This phenomenon can be explained if it is assumed that the alcohol molecules are oriented in the 
dense adsorbed layer in such a way that most of the hydrocarbon radical chains actually "lie" on the surface, 
Similar conclusions with regard to the orientation of molecules in the surface layer have been drawn in paper 
[14] on the basis of results of adsorption studies of benzene on silica gel from solutions in heptane as well as 
from the adsorption of fatty acids on carbon from aqueous solutions [15]. Under these circumstances the area 
occupied by a molecule in the surface layer will, of course, depend on the length of the hydrocarbon radical, 
However, as will be seen from Fig. 2,which illustrates this relationship, the two quantities are not directly 
proportional to each other. Whereas in the case of the first members of the series the area per one CH,-group 
is equal to about 8 A? it decreases markedly with decreasing length of the hydrocarbon radical. At the same 
time the thickness of the adsorbed layer increases from 4,2 A* for the lower alcohols to 7.1A on silica powder 
and to 13,0A on silica gel in the case of octadecyl alcohol, This would lead us to conclude that the manner 
of orientation of the adsorbed alcohol molecules on partially dehydrated surface of silica [16] varies as we pass 
from the lower to the higher alcohols, The molecules of the latter apparently accommodate themselves at an 
angle to the surface, It must, however, be borne in mind that in the case of silica gel the possibility of changes 
in the orientation of the adsorbed molecules inside fine pores may be limited by their geometrical dimensions. 
For this reason the areas per molecule and the thickness of the adsorbed layer in the case of the higher alcohols 
may be treated as average values relating to a given specimen of silica gel. 


In order to elucidate the effect of porosity on the magnitude of limiting adsorption the data obtained were 
referred to 1 m? of the surface, The comparison of isotherms of this type on silica powder and silica gel for each 
of the alcohols investigated is illustrated in Fig. 1B, As will be seen, the adsorption isotherms of methyl alcohol 


* According to the data given in [15] the cross section of the hydrocarbon chain may be pictured in the form of 
a rectangle having sides of 4.12 and 4.49 A. 


2.40 | 2.49 | 0.40 | 4.10 | 4.25 | 0.47 : 
1.60 | 169 | 0.40 | 2.75 | 2.9) | 0.17 
1.48 | 4.26 | 0.40 | 240 | 223 | 0.17 
1.00 | 1.05 | 0.40 | 1.80 | 14.90 | 0.17 
0.80 | 0.85 | O44 | 4.54 | 4.65 | 0.24 
0.67 | 0.73 | 0.42 | 41.45 | 4.58 | 025 | 
0.54 | 0.51 | 0.47 | 4.56 | 4.56 | 0.52 
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are identical in the case of both adsorbents, Furthermore, with increasing number of carbon atoms in the alcohol 
molecule adsorption on the porous specimen — the silica gel — reaches relatively higher values than the corres- 
ponding values on the nonporous silica powder, The increase in limiting adsorbed amounts in the transition 

from large-pore to fine-pore silica gel has been observed by the authors in paper [14] and has been attributed 

to increased intensity of the adsorption potential in fine pores. A similar explanation may be put forward in 

this case; however, in contrast with the findings of the authors of [14] in which case this effect was observed 

with decreasing pore size of the adsorbent, in our experiments it manifested itself with increasing dimensions of 
the adsorbed molecules, the pore dimensions remaining constant, 


As will be seen from Table 1 and Fig. 2, the limiting adsorbed volume of all the alcohols investigated on 
the nonporous silica powder varies little, Even if we consideronly the first members of the series, including 
butyl alcohol it will be evident that the constancy of the adsorbed volume is in this case not due to the influence 
of the porous structure of the adsorbent, but is the result of the orientation of molecules in the surface layer 
mentioned above, As we pass to higher alcohols the limiting adsorbed volume on the silica gel investigated 
increases markedly. On the other hand it is well known that in the case of adsorbents of fine porosity the 
limiting adsorbed volume may decrease as a result of the uJtra-porosity effect [11]. In cases where pore 
dimensions of the adsorbent and the nature of their distribution are such that the opposing effects due to each 


of these factors are mutually compensating, the limiting adsorbed volume of membes of a homologous series 
will remain constant, 


The authors wish to express their sincere gratitude to Academician M. M. Dubinin and to B. V. Ilyin 
for their interest in this work and discussion of the results. 


M. V. Lomonosov State University Received December 29, 1956 
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THE EQUATION OF NONSTEADY DIFFUSION TOWARDS A STATIONARY ELECTRODE 


A. V. Gorodysky and Academician (Ukr. Acad. Sci.) Yu. K. Delimarsky 


It is currently accepted [1-3] that diffusion of the reacting substance towards a stationary electrode is 
determined by the following two conditions formulated by Cottrell [4] and McGillavry and Rideal [5]: (1) the 
concentration Cy of the reacting substance is the same throughout the mass of the electrolyte up to the moment 
when the current is switched on, and (2) at any time t after the current has been started the ion concentration 
of the electrode surface is equal to zero. In other words, in the case of linear diffusion we have 


c (x, 0) = cp; 
c(t, 0) = 0; 


while in the case of spherical diffusion the conditions 
c(r,0) = 


C(ro, t) = 0 


hold (x and r are the coordinates, and ry is the radius of the spherical electrode), 


In accordance with these conditions the solution of the general equation of diffusion 


0c 


“Ot. = aAc 


gives in the case of linear diffusion 


(32) 
Oxjx=0 Vrat’ 


and in the case of spherical diffusion 


where ais the coefficient of diffusion. 


Conditions (1), (2) and (3), (4) do not account for the convection of the electrolyte and determine the 
diffusion process only when all mixing has ceased. For this reason experimental data are expressed exactly by 
Equations (6) and(7) only in the case of immobilized (gelled) solutions [2] and only for short time intervals 
after the start of the current when convection effects are small [2, 3, 6]. However, under the usual conditions 


(1) 
(2) 
(3) 
(4) 
(5) 
eh, V wad ( 
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of electrolysis the electrode current decreases with time from the moment it is started, until it reaches a certain 
constant value which does not change further [2, 3, 6, 7], an effect whichis contrary to that predicted by 
Equations (6) and (7). 


From these facts it follows that the process of diffusion of the reacting substance towards the electrode 
reaches a certain steady value after a time when the concentration gradient of the diffusing substance on the 
electrode surface remains constant, Under these conditions, i.e., when the steady state of diffusion has been 
reached, the thickness of the diffusion layer attains a constant value, a practically constant concentration Co 
being maintained at its external boundary. This conclusion is in agreement with the theory of convection dif- 
fusion due to Levich [8, 9] according to which under conditions of the steady state the significant variations in 
concentration of the diffusing substance within a given diffusion layer are linear in nature, Hence follows an 
additional boundary condition of diffusion of the reacting substance towards a fixed electrode: at a certain 
definite distance 1, or p—rpo, from the electrode the concentration of the reacting substance is maintained at a 
constant level cg. In other words, in the case of linear diffusion we have 


c (l, t) Co; (8) 


and in the case of spherical diffusion 
c(p, t) = cy (9) 


From Conditions (8) and (9) it does not follow, however, that under conditions of nonsteady diffusion the 
thickness of the diffusion layer remains constant, What merely happens is that at a certain distance from the 
electrode the concentration of the diffusing substance does not fall below its initial value, which is, evidently, 
due to the natural convection of the diffusing substance, 


Taking into account Conditions (1), (2) and (8) and (3), (4) and (9), solution of Equation (5) with the aid 
of the Laplace integral gives, in the case of linear diffusion, 


and in the case of spherical diffusion 


The relationships deduced above have been checked experimentally by recording current-time curves 
during the deposition of mercury on a fixed spherical mercury cathode and of silver on a fixed plane silver 
cathode, as well as by means of data obtained by other authors [2, 3, 7]. In these experiments the electrolyte 
was not mixed artificially, because we were interested, in the first place, in the case of natural convection and 
diffusion of the reactant. In analyzing the experimental data we made use of the following approximate 
equations of the diffusion current deduced from Equations (10) and (11) after neglecting all the terms of the 


series exp| with the exception of the first one: 


j = im nFa'?2exp(— 


for linear diffusion, and 
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0 (13) 
i=io+nFa 2exp( 


Cc 
To)? 


for spherical diffusion, In these equations ig, denotes the current density at time t = 09, i.e., the density of the 
stabilized current, and i denotes the density of the diffusion current, In the first case we have 


c 
ico (linear) = (14) 
and in the second case 


To P 


ico (spherical) ~ nra( 
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Fig. 1. Current-time curves: 1) deposition of mercury on a mercury 
cathode, U = 12.5 millivolts; Il) deposition of silver on a silver cathode, 
U = 175 millivolts; III) oxidation of Fe(CN)é~ ions on a platinum anode 


[2], electrode F; IV) deposition of zinc on a platinum cathode [2], 
U = 1.20 volt. 


Equations (12) and (13) reduce to the form 


t= A—BIn(i—i), 
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for linear diffusion, and 


A = tn (2nF 


for spherical diffusion. 


The current-time curves were recorded automatically on the photo-drum of the polarograph at constant 
electrode potentials, On closing the circuit the reflected light spot of the mirror galvanometer was deflected 
sharply from its zero position and then moved slowly in the opposite direction describing the current-time 
curve, Equations (12), (13) and (16) approach Equations (10) and (11) closer the greater the value of t is, 

For t = 0 Equations (10) and (11) have, in general, no physical meaning, In practice, however, good agreement 
between Equation (16) and Equations (10) and (11) is obtained for values of t of the order of 1 second, i.e., the 
duration of the initial deflection of the galvanometer., 


The curves i = f(t) obtained by us as well as those obtained by other authors have been plotted in the 
coordinates t and log (i ~igp); some of these curves are shown in Fig. 1. The values of ign were determined 
from the plots, In all cases investigated we observed a linear dependence of t on log (i ~ig,), which confirms 
the correctness of Equation (16) and the assumptions made, Also, the quantities A and B were in all cases 
independent of the potential applied to the electrodes, 


In conclusion we wish to express our thanks to Academician A. N. Frumkin for his valuable advice during 
the discussion of this work, 
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ANODIC PASSIVATION OF CHROMIUM IN ACID SOLUTIONS 


V. M. Knyazheva and Ya. M. Kolotyrkin 


(Presented by Academician A, N, Frumkin, February 6, 1957) 


In the paper [1] we have discussed some data concerning the electrochemical behavior of chromium and 
nickel in solutions of KgSO,, obtained by the potentiostatic method of polarization measurements, It has been 
shown that the curve obtained by this method which expresses the relation between the constantrate of dis- 
solution and the potential, may be used to determine the polarization limits of the region of passivation as 
well as the extent of corrosion losses within this region and does, therefore, constitute an important character- 
istic of the metal with regard to its corrosion behavior, 


In the present investigation we have studied by means of the potentiostatic method the electrochemical 
behavior of pure chromium metal on its passivation as the anode in solutions ofsulfuric acid at different 
concentrations (1.0; 0.10; 0.01 N). The constant rate of dissolution of the metal was determined not only from 
the final value of the anode current necessary to polarize the electrode in order to maintain a given value of the 
potential, but, also, by analyzing the solution quantitatively for chromium ions, Within the range of potentials 
more negative than the potential of the reversible hydrogen electrode, as referred to identical solutions in which 
dissolution of the chromium was effected spontaneously, the analytical method of the determination of the rate 
of dissolution was unique. By means of the colorimetric method using diphenyl carbazide it was possible to 
determine Cr‘? and Cr’® ions in solutions at concentrations up to2-107° g/cm, The content of Cr ions was 
determined iodometrically; the sensitivity of this method was two orders lower than the sensitivity of the 
diphenyl carbazide method. All determinations were carried out in an atmosphere of purified nitrogen, The 
methods of preparation and preliminary purification of the electrodes and solutions were those described in 
communication [1]. Each experiment was conducted at a constant temperature maintained with an accuracy 
of +0.1°C. The electrodes used were first activated by cathodic polarization, The cathode current was then 
switched off and the rate of dissolution and the value of the steady potential of activated chromium in the 
solution under investigation was determined, Within the range of anodic currents the current density was 
allowed to reach a constant value at a given constant potential; the electrode was then polarized for a deter- 
mined time in a fresh portion of the solution and the latter was subsequently analyzedfor dissolved products, 


The dependence of the constant rate of dissolution on the potential.* In the case of the 1.0 N solution 
of HgSO, this dependence is illustrated by the Curve ABCDE (Fig. 1), This curve resembles in its general shape 
the corresponding curves obtained previously for nickel in a solution of KgSO, [1] and for stainless steel No, 18-8 
in a solution of HySO,[2]. At potentials more negative than — 0,350 volt an increase in the potentials was 


accompanied by an increase in the rate of dissolution according to the general Tafel straight line having a 
slope of 0,07. 


Within the range of potentials from —0,350 to 0,00 volt (portion BC) the constant rate of dissolution 
decreases with the potential, although this relationship again follows the Tafel straight line but with a slope 
of opposite sign. When the solutions from experiments within this range of polarization potentials were analyzed 
for dissolved products both Cr‘ and Cr*® ions were found in proportions approximately equal to equilibrium 
concentrations, 


* All potentials are referred to that of the normal hydrogen electrode, 


| 


TABLE 1 


Concentration of| potential, referred to 
Crions,ing-_ ,| normal 
emuivs/ liter -10"| electrod 


(cr*} | Exp. | Calc. |] Ag 


+0.003 
+40. 004 
+0,.003 


“6 -4 . Over a considerable range of potentials between 0.0 
7" and +1.10 volt (portion CD) the steady rate of dissolution 


was found to be constant and equivalent to a current density 
the rate of dissolution with potential was observed by B, V. 
nena =e i Ershler [3] in the case of a platinum electrode in HC] 
on solutions and by Bonhoeffer and co-workers [4] in the 
2°04) 290 


case of an iron electrode in H,SQ, solutions, 


As has been observed previously [1], the rapid rise of the potential to higher positive values within this 
region is again accompanied by an increase in the rate of dissolution analogous to that observed on the 
activated surface of the metal, and only after prolonged polarization of the electrode at a different potential 


does the rate of dissolution attain the minimum steady value corresponding to that given by the curve 
in question, 


As results of analyses have shown, within the given region of polarization potentials the chromium passes 
into solution principally in the form of the trivalent ions, 


At potentials above +1,10 volt (portion DE) superpassivation of the chromium takes place. As will be 
seen from Fig. 1, a further increase in the potential is accompanied by an increase in the rate of dissolution 
in accordance with the Tafel straight line having a slope of 0.04 volt, In Table 1 are given results of the 
analysis of the solution for chromium ions dissolved from the electrode at a potential of 1.252 volt, that is, 
within the range of polarization potentials in question, In the same table are shown the calculated values of 
the potential corresponding to the oxidation-reduction equilibrium between the tri- and hexavalent ions in 
the concentration ratio found, As will be seen from Table 1, the calculated values of the potential are 
practically identical with those determined experimentally. This result is evidence either that within the 
range of superpassivation chromium dissolves with the simultaneous formation of Cr* and CuO ions in ratios 


corresponding to equilibrium conditions, ot, as is more probable, that equilibrium between these ions is 
established rapidly, 


The influence of the pH of thesolution, Data characterizing the rates of spontaneous dissolution and the 
steady potentials of activated chromium in solutions of H,SO, at different concentrations are plotted in Fig. 1 
as individual points, These points lie practically on the same linear segment AB which may be regarded 
as the continuation of the polarization curve obtained in 1.0 N HSO, on the activated surface of chromium. 
This shows that the dependence of the rate of dissolution of activated chromium on the potential in solutions 
of sulfuric acid at different concentrations is expressed by one and the same kinetic curve. In this respect the 


behavior of chromium is similar to that of nickel which has been investigated by Ya. M. Kolotyrkin and 
A. N. Frumkin [5]. 


A change in the pH of the solution brings about a marked change in the electrochemical behavior of 
chromium within the region of passivation, As will be seen from Fig, 1, a decrease in the concentration of 
the acid is accompanied by a displacement of the upper limit of the range of passivation potentials in the 
direction of negative values, On the basis of the data obtained the relationship between the potential, cor- 
responding to incipient passivation, and the concentration of the acid satisfies the equation: 


Yn = —0.350 + 0.050 log C 
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A decrease in the concentration of the acid also displaces 
the portion of the polarization curve, lying within the region of 
superpassivation, in the direction of negative potentials. As will 
be seen from Fig. 2, the dependence of the potential correspond- 
ing to the same rate of dissolution of chromium in this region 
on the concentration of H,SO, is expressed by a straight line 


having the slope approximately equal to 0.063. The 


1 same relationship is found to be valid for data obtained in 0,1 N 
NaOH. 


If we take into consideration the dependence of the rate 
Fig. 2, Dependence of the polarization of dissolution of chromium, within the region of superpassivation, 
potential on the pH of the solution within on the potential and the pH of the solution, it can be shown that 
the region of superpassivation at constant the limiting stage of the reaction as a result of which dissolution 
anodic polarization current (i = 1 x 1074 of the chromium takes place within the range of polarization 
amp/cm?), potentials in question, involves twoOH ions and three electrons. 
This conclusion is in agreement with results obtained recently by 
Heumann and Rosener [6]. 


The influence of the temperature, In Fig. 3 are shown results obtained in 0,1 N solution of HySO, at 
three different temperatures, namely, 25, 50 and 75°C, A rise in temperature brings about, first of all, a 
marked increase in the rate of dissolution of chromium within the region of passivation, 


On the basis of these results we have determined the activation energy of the process for that region of 
polarization potentials over which the constant rate of dissolution does not depend on the potential. The value 
obtained was close to 5,000 cal, 


-6 
logi 


Fig. 3, Dependence of the logarithm of the steady rate 
of dissolution of chromium on the potential in a solution 
of 0.1 N H,SO, at different temperatures: a) 25°, 

b) 50°, c) 75°C, 


In the previous communication we have suggested that anodic passivation of chromium is not due to the 
formation of a phase film on the surface of the metal, but to the retardation of the anodic reaction resulting 
from the variation in the composition of the metallic surface with time and potential brought about by its 
adsorption-chemical interaction with the oxygen present in the water, This conclusion is supported by the 
results of polarization measurements obtained in the present investigation, In Fig, 4 are plotted values 
corresponding to the initial current densities at corresponding potentials, together with the curve of steady 
polarization potentials, As will be seen from this figure, when the points corresponding to the final constant 
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current density at each given potential (circles) are joined to the points corresponding to the initial current 
density at the next higher positive potential (dots), there are obtained straight lines having a slope very close 
to that of the upper linear segment of the curve representing the dependence of the rate of dissolution of 
activated chromium on the potential, Thus, if we ignore or reduce to a minimum various time effects, we 
are led to the conclusion that the polarizability of chromium and, consequently, the dependence of the rate 
of dissolution on the potential remains within the passivation region the same as it is in the activated state 
of the metal, In our opinion this is contrary to the concept of the existence on the surface of the passivated 


metal of a film of an oxidized phase; the presence of such a film should, in fact, bring about an increase in 
the polarizability of the electrode. 


In accordance with the concepts outlined the observed 
position of the upper limit of the range of passivation on the 
pH of the solution finds a comparatively simple explanation, 
If it is assumed that the adsorbed ions are OH ions, it is easily 
shown that the extent to which the surface is covered by these 
ions and, consequently, the extent of its passivation, should vary 
not only with the potential, but also with the pH of the solution, 
It is also obvious that the higher the concentration of OH ions 
the more negative will be the potential at which these ions will 
begin to penetrate the surface layer, that is, the potential at 
which passivation by adsorption can begin, On the basis of the 
adsorption mechanism of passivation the observed dependence of 
the steady rate of dissolution of the metal on the potential can, 
likewise, be explained simply if it is takeninto account, as has 
been done previously [1, 2], that the composition of the metallic 
surface which determines the overvoltage of the anode reaction, 
Fig. 4. Dependence of the logarithm varies exponentially with the potential, 
of the rate of dissolution of chromium 
on the potential and time in a solution 
of 0.1 N HgSO, at t = 50°, L. Ya. Karpov Institute Received December 12, 1956 
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INVESTIGATION OF THE KINETICS AND MECHANISM OF THE 
THERMAL DECOMPOSITION OF ISOBUTYLENE 


Yu. I. Lyadova, V. 1. Vedeneev and V. V. Voevodsky 
(Presented by Academician N. N. Semenov, January 14, 1957) 


One of us [1, 2] has proposed the chain thermal decomposition of olefins, based on the premise that a 


H atom isredistributed between a radical of the allyl type and the olefin molecule with the formation of the 
alkyl radical and diene: 


RyCHCHCHCH (Rg) Rs RiCHCHCH,CH (Re) Rs -> Ri CHCHCHC Re -+ 
RiCH,CHCH,CH (Rez) Rs 


R,CHCH,CH,CH (Re) Rs. 


With this theory it was possible to satisfactorily explain the composition of the products obtained in the 
thermal decomposition of structurally different olefins. 


This theory could not be directly extended to the cracking of such simple olefins as CsHg and iso-C,4Hg, 


due to the absence of H atoms capable of entering into the redistribution reaction, in the allyl radicals formed 
from them. 


It was postulated [2] that in the case of C,H, and iso-C,Hg the addition of the allylic radical to the double 
bond of the olefin always precedes the formation of the reaction products. 


It seemed of interest to us to make a detailed study of the thermal decomposition of isobutylene, paying 
special attention to obtaining additional data on the chain character of this decomposition and to verify the 
hypothesis that it is possible for a H atom to transfer from various radicals to the double bond of an olefin, 


An ordinary static vacuum apparatus was used to study the cracking of isobutylene in the temperature 
interval from 542 to 620° and pressure interval from 100 to 500 mm Hg, To answer the question of whether it 
is possible for a H atom to transfer from a radical to an olefin molecule» we ran some experiments with mixtures 
of iso-C,H, and C,H, in the temperature interval from 542 to 600° and pressure interval from 200 to 600 mm Hg, 


A preliminary study of the reaction kinetics for the thermal decomposition of isobutylene was made on the 
basis of the change in the total pressure, which was measured using a membrane manometer. The maximum 
d 
rates of a , found from the Ap -time curves, are proportional to the initial iso-C,Hg pressure in the pres- 


sure interval. from 30 to 500 mm Hg, This indicates that the reaction is of the first order, The energy 
of activation of the reaction based on the change in the maximum velocities with temperature proved to be 


E = 49.54 3 kcal./mole. Earlier found values are 53.7 kcal. / mole in the interval 580-630° [3], and 67 kcal.per 
mole in the interval 780-810° [4]. 
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Fig. 1. Composition of the gaseous products as 
a function of the pressure in the cracking of iso- 
-C4Hg; T = 542°, Ap/ py = 0.1, 1) CHy, 2) CgH,, 
3) Hp, 4) CaHy, 5) 


The thermochromatographic method of gas anal- 
ysis was used to study the kinetics of the process for the 
consumption of isobutylene and accumulation of the 
products, It revealed that the main gaseous products of 


isobutylene cracking are C3Hg, CHy, iso-CgHyp, CoH, 
and Hg, together with small amounts of C,H, and CsHg. 


The change in the composition of the gaseous 
products with change in the pressure and percent con- 
version for T = 542° is shown in Figs, 1 and 2, Similar 
relationships are also plotted for T = 600, 568 and 555°, 


Extrapolation of the curves, describing the rela- 
tionship between the composition of the gaseous pro- 
ducts and the percent conversion, to zero percent con- 
version permits establishing the primary products of the 
reaction and their ratios. 


In view of the difficulties associated with making 
a detailed analysis of the obtained liquids, we estimated 
their amount and the carbon-hydrogen ratio in them on 
the basis of the balance between the consumed isobutyl- 
ene and the obtained gaseous products. Calculation 
revealed that about a third of the consumed isobutylene 
(on the basis of carbon) is converted to a liquid. On 
increasing the percent conversion the amount of liquids 
is increased somewhat (up to half of the consumed iso- 
butylene). When the temperature is raised the fraction 
of liquids with respect to the consumed isobutylene is 
reduced somewhat, The carbon-hydrogen ratio in the 
liquid was wl. 


Experiments on the cracking of iso-C,H, revealed 
that up to 10% of isobutane is formed as one of the 
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primary products. The amount of isobutane increases with increase in the pressure and reduction in the tempera- 
ture. This shows that the addition of a H atom to the double bond of isobutylene is accomplished under our con- 
ditions. 


To obtain additional data on the transfer of a 
H atom to the double bond of an olefin we studied 
the cracking of mixtures of iso-C,H, and C,Hy. 


ra % In Table 1 the results of one of these experi- 
+ 


8 


ments with T = 600° and p = 400 mm Hg pressure 
fora 1:1 mixture of iso-C,Hg and C,H, are compared 


a. 
with the results of cracking pure iso-C,H, and 


The data given in Table 1 permit making a 
number of conclusions, First of all, they support the 
theory of a chain mechanism for the reaction; an 
increase in the consumption rate of iso-C,Hg in the 
presence of C,H, cannot be explained within the 
framework of the theories that postulate a purely 

% Conversion radical or molecular mechanism for the process, 
The same conclusion can be reached from an anal- 
ysis of the data showing the formation of a large 
Fig. 2. Composition of the gaseous products as a func- amount of ethane (34 mm). On the other hand, the 
tion of the percent conversion in the cracking of iso- formation of ethane in such large quantities is still 
-C4Hs; T = 542°, p = 300 mm Hg pressure, 1) CHy, another proof that it is possible for a H atom to trans- 
2) CyHg, 3) iso-CyHyp, 4) Hg, 5) CgHy, 6) C2Hg. fer to the double bond of an olefin. 


iso-C,Hg consumed 


8 


mole 
100 moles 


We believe that our experiments support the 
theory that in the cracking of isobutylene the reaction exists: 


R + i-CyHy + M + 
and that in a mixture of isobutylene and ethylene the reaction exists: 
R ++ CH, M 


A comparison of the data on the analysis of the primary gaseous products and on the composition of the 
liquids leads to the conclusion that the earlier proposed scheme of V. V. Voevodsky for the cracking of CsHg 
and iso-C,4Hg is inadequate. It would be necessary to introduce new methods of transforming the iso-C,Hy radical 
into the scheme, The decomposition of iso-CyHy into CHg and allene can be postulated as being such a method, 
and also the reaction for the transfer of a methyl radical from iso-C,H, to the isobutylene molecule. 


CH,CH,C (CHs), 
CH,C (CHs)CH, +- i-CyH, or 
CH,C (CHs)s 


The formation of allene in the cracking of isobutylene, which was observed by Rice [5] and by Szwarc [4], 
can serve as some support to the theory that such reactions can exist. Allene is unstable under our conditions. 
Special experiments made with the addition of allene revealed that in the time, commensurate with the time 
of running the experiments, the allene disappears completely from the gas phase, 
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THE NATURE OF CATALYTIC CURRENTS OF HYDROGEN 
IN POLAROGRAPHY 


S. G. Mairanovsky 
(Presented by Academician A, N. Frumkin, January 7, 1957) 


The origin of catalytic waves of hydrogen [1-5] is usually explained as being due to a reduction in the 
energy of activation of hydrogen ion discharge under the influence of catalysts. In accord with this catalytic 
waves should have an irreversible character and their halfwave potentials should change with the pH of the solu- 
tion. However, this does not agree with experiment, at least not in the catalysis of organic compounds, Thus, 
Kirkpatrick [3] found that the potentials of the waves, produced by alkaloids, are almost independent of the pH; 
the same was observed by Kuta and Drabek [4] for the waves catalyzed by pyridine, 


It is logical to assume that the discharge of the pyridinium ion, determining the catalytic wave, proceeds 
by the same mechanism as the discharge of N-substituted quaternary pyridinium salts [6], 1. e. that it represents 
a reversible electrochemical process with subsequent rapid dimerization of the electrode products, leading, how- 
ever, in contrast to the N-substituted salts, not to the dimer [6], but instead to the evolution of H, and the regen- 
eration of pyridine, The validity of this postulation is shown in the present paper, and here we have also estim- 
ated for one of the cases the values of the velocity constants for the reactions, determining the catalytic wave, 


The general scheme for the catalytic process can be depicted as follows [5, 7]: 


kh, E 
B-+DH* BHt+D, (a) + e~ => BH, (b) 2BH 2B + Hy. 


The catalyst (capable of existing in both acidic (BH*) and basic (B) forms) in the acidic, cationic form 
BH* discharges reversibly at the cathode, giving BH radicals. The radicals then quickly dimerize, regenerating 
the catalyst in the basic form B and giving a molecule of hydrogen. Then the basic form, reacting with the 
proton-donor DH*, found at the electrode, migrates into the acidic form, and the whole cycle is repeated, 
Applying the calculation method of Brdicka and Wiesner [8-10] to this scheme, we obtain for a substance balance 
(5): 


1 
i =» ({BH"], —[BH"]s) + sFpy [B]s — kz [BH"]s [D],), 
i = — [B]s) — (k, [DH*], [B]s — ke [BH*], [D]s). (2) 
sF gk, + [BH]; = 2. 
(3) 
Here x is the constant of the Ilkovich equation (it is taken the same for all forms of the catalyst), s is the 


average surface area of the dropping electrode, y is the thickness of the reaction layer [8, 9, 11], index s 
relates to the surface concentrations of the substances, and g relates to the volume concentrations, 
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From these equations it follows that 


x ([BH*], — [BH*],) + Px [B], —R (4) 
kisFuy (5) 
+ AysF [DH*], 


R = k,sF yy [D]5 (1 — P). 


P= 


(6) 


In well buffered solutions with a constant height of the mercury column P = const, R = const, [DH*)s = [DH*]o 
and [D), =[D]o. 


For the limiting current ([BH*], —» 0) we obtain from (4): 


lim™ 


x ({[BH*], + P[B], B), /{BH*], 
] [B],) (“a +? (7) 


Comparing (4) and (7) we find that [BH*], = P)/( +R). We find [BH}, in the following manner, 
The second term on the left side of equation (3) is usually several orders smaller than the first; consequently, 
neglectin the small value x [BH], and assuming [9, 11] that y = (D/\, [BH]s)*/?, we obtain from (3): [BH], = 
= (i/ sFk2/? pt/2?/8 where D is the diffusion coefficient. Substituting the values (BH), and [BH], in the Nernst 
equation, we obtain the general equation for a catalytic wave: 


ar 


(9) 


where €, is a constant, equal to the potential at i? /3 = Liim — 13 Ep is the normal] potential of the redox system. 
We will examine the particular cases of catalytic currents of hydrogen in well buffered solutions. With a very 
small velocity k, for the catalytic process (a) and a high [BH*]g, 1. e, when p << 1 and « >> R, the current in 
accord with (4) and (7) is determined by the diffusion of BH* and, the same as the diffusion current, {s propor- 
tional to (h)! Ao 1/2 (bh is the height of the mercury column over the electrode, and t is the dropping time). 

In this case Equation (8) becomes identical with the expression for the diffusion wave of a reversible process with 
rapid dimerization of the electrode products [9, 12], studied on the example of the reduction of N-alkylpyridinium 
salts [6]. The halfwave potential E, in this case becomes more negative by ~19 my with a ten-fold increase in 
either t or C (C =[BH*]o +[B]o — the analytical concentration of the catalyst in the solution), 


With sufficiently high velocities for the catalytic process and low [BH*], ([BH*], << [B]o) the current is 
determined mainly by the velocity of the catalytic process (a) [5]. Here two cases can be encountered, 


I, If the velocity of the reverse reaction (kg) is also quite high, then R>> x and py = (D/k, [D},)'?; 
here, if p << 1, then xP and R, and consequently also the catalytic current, are independent of either h or t [5]. 
The value €, in this case is independent of C and t and is a characteristic electrochemical constant of catalyst 


BH* at a given pH for the solution, The value Ey , as can be seen from (5), (7) and (8), is determined by the 
equation: 


RT 
Ey. = E,+-—1 10 
ls 0 + F n (hy [sF (1 — ’ ( ) 
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1. e. Ey. becomes more positive by ~19 mv with a ten-fold increase in C and ts independent of t, 


Il. If the velocity of the reverse reaction (a) is small, then yp, can expand to the dimensions of the diffu- 
sion layer and become equal to 0.233VDt [13]. In this case R, and with P << 1 also iy,,, increase with 
decrease in h; here 1y,, 1s proportional to either n¥8 or 7, Actually, an increase in the catalytic cur~ 
rent with decrease in h was observed by a number of investigators (4, 14]; in accord with (8) €, in this case is 
independent of C, but with change in t as a function of the ratio between the values « and R it can shift toward 
either positive or negative potentials. The Ey ls of these waves is determined by the equation 


Ey, Eo -{ 


F x+R 


i, e. Ey ) with a ten-fold increase in C becomes more positive by ~19 mv, while with an increase in tit 
2 


becomes either more positive, by a maximum of ~ 38 mv (with k >> R), or more negative — in the limiting case 
((with Kk << R) by ~ 19 mv (since x is proportional to rni/ 2 while R in the given case ~ . a 


log Coyr( 


-1700 -1800y 


E relative tosatd 
calomel electrode 


Fig. 1, Relationship between log 
1760 1770 v 
&y, telative to satd. 


2 
i /s 1) and E for catalytic 
calomel electrode 


waves, produced by pyridine in 0,1 
M borax solution. 
Fig. 2. Ey y, 8 function of the C of 

To verify the derived relationships we studied the pyridine (1) and of the dropping time 
catalytic hydrogen waves, produced by pyridine in 0.1 (2) in 0.1 M borax solution. 
M borax solution and borate buffer solutions. The work 
was done at 25°. The capillary of the dropping electrode was fitted with a little paddle for the required re- 
moval of the drops [15]; its m and t ath = 50 cm were respectively 3.82 mg/sec, and 0.26 sec, The poten- 
tials of the electrode were measured potentiometrically with the saturated calomel electrode as reference, These 
values were corrected for the iRghr, im the cell. Ey ls was found by interpolation on linear (in the middle por- 


tion ) graphs (log [i/(i,;,,—1)], E). The current rate was corrected for residual current, The solutions were blown 
with nitrogen to remove oxygen, 


The experimentally found relationship between log{i”’® / Gyim — i)| and E is shown in Fig. 1; its linear 
character and the value of the slope are in exact agreement with equation (8). The value ¢€,, in accord with 
(8), is independent of C and ath = 50 cm in 0.1 M borax solution is equal to —1.759 v. The value of the wave 
{jj in 0.1 M borax solution increases with decrease in h almost proportionally to h~”” , which corresponds to 
a slow reverse reaction (a). In good quantitative agreement with theory for this case ([BHt]o << [Blo, K<< R) 
Ey ’ becomes more positive with increase in C and more negative with increase in t (Fig. 2). 
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Since in alkaline solutions the proton-donor DH* is water [4, 5] and D corresponds to OH™ ions, then an 
increase in the pH of the solution should increase the velocity of the reverse catalytic reaction and in that way 
reduce p,. Ata sufficiently high pH (for pyridine at pH = 10)y, ceases to depend on t; a reduction in», in 
turn leads to a decrease in P, and consequently, also in {);,,. AtP << 1 it follows from (5) and (7) that iy), = 
= kysF [HzO] (D/ k, [OH™ 1. e. sufficiently high values of the pH {s independent of t and changes 
proportionally to rou)? : Experiment supports this conclusion, The values E; IP and ¢€), in accord with (8), 


become more negative with increase in the pH (due to increase in R). 


The intersection of the catalytic waves with the so-called Fournier waves (Fig. 3), obtained by applying 
to the electrode, besides a constant voltage, also a small sinusoidal voltage [16-18, 6], can serve as additional 
evidence of the reversible nature of the electrode process in the catalytic liberation of hydrogen. It is interest- 
ing to mention that, due to the influence of the preceding reaction, the potential at the point of intersection E¢ 


is located considerably closer to Ey y in the case of the catalytic waves than for the reverse process with sub- 
sequent dimerization [6]. 


An estimate of the velocity constant of the re- 
action was made, proceeding from the relationships for 
the catalytic current in 0,1 M borax solution at 25°, For 
the calculation we used the following data: x = 4,05 
; pamp - liter/mmole (taken equal to the x of the 
N-methylpyridinium radical [(6]), s = 8.5- 10° cm?, 

uy = 5.7- 10~ cm according to (13) (at t = 0.26 sec), 
[OH™) = 1.7- 10-5 mole/liter (pH = 9.24), Since under 
~ / these conditions [BH*], /[B]g << P and C (Blo, then 

from the experimental value’ iyj,,/C = 1.98 - 

liter/ mmole = const (at t = 0.26) it is found from (7) 
F that P = 0.329 and from (5) it is found that k, - [H,O] = 
10 = 4.3 (ky = 7.8 107? liter/ mole - sec), From the 
value K = ky [H,O)/k, = 1.7- 107 the value k, = 2.5. 
- 10° Liter/mole - sec was obtained. It is assumed that 
E) s» E*=—1.778v [6, 16-18], then from the experimental 


3, b 
30} 2 


value €, =—1.759 y and R = 13,3 + 10° pamp - liter/ mmole 


Fig. 3. Ordinary polarograms (2) and 
Fournier waves (3) with E., = 50 mv, 
100 htz.; ground 0,1 M borax solution 
(1). Pyridine concentration; a) 3.9 - 

- b) 7.9- 10M. 


[from (6)] the value 10“ liter/ mole - sec, is obtained 
from (8) for ks. This yalue is considerably higher than the 
velocity constant for the dimerization of N-methylpyridin- 
ium radicals [6]. 


The reversible nature of the electrode process {s 


retained in unbuffered solutions; however, due to pH change 


in the pre-electrode area, the i-E curves of the catalytic waves stretch along the E axis, It can be postulated that 
a similar mechanism for the catalytic process also exists in catalysis involving other catalysts with an onium struc- 


ture [7]; in any case, catalytic waves are not associated with a reduction in the energy of activation of hydrogen 
fon discharge, and their potentials are determined only by the electrochemical properties of the catalysts, 

In conclusion the author considers it his pleasant duty to thank Academician A. N. Frumkin for discussing 
the problem. 
The N. D, Zelinsky 
Institute of Organic Chemistry 
Academy of Sciences of the USSR 
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IONIC EXCHANGE ON ALUMINOSILICATE CATALYSTS IN A STREAM 


OF ALKALI WITH SMALL CONTACT TIMES 


G. M. Panchenkov, Z. V. Gryaznova and I. M. Kuvshinnikov 
(Presented by Academician A. V. Topchiev, January 19, 1957) 


Aluminosilicate catalysts, possessing great industrial importance, have been the subject of a number of 
studies [1-9]. Many of the studies have been devoted to elucidating the nature of the acidic and exchange 
capacity of aluminosilicates [2-7]. However, here complete clarity has not yet been achieved, The present 
paper is devoted to a further study of the mechanism for the ionic exchange of aluminosilicate catalysts. For 


this purpose we studied the kinetics of ionic exchange under dynamic conditions in both alkaline and neutral 
media. 


In our study we used a commercial catalyst analyzing 147, Al,O, and 86% SiO,, and a catalyst analyzing 
37% AlgO, and 63% SiO, prepared by mixing the corresponding hydrogels with subsequent drying at 100°, Several 
portions of the catalyst were ignited at 500, 750, 1100 and 1300°C. The catalyst had the shape of small cylinders 
with a height of 4 mm and a diameter of 3mm. We also used a ground catalyst, sifted through a screen with a 
mesh size of 200 to 350. The experiments were run under dynamic conditions with various rates of flow for the 
NaOH, LiOH and KOH solutions. To run the experiments under dynamic conditions a catalyst layer one tablet 
thick was placed in a crucible with a No. 1 glass filter. The alkali solution flowed through the crucible at a 
constant rate. After passing through the catalyst layer the solution was collected in small flasks, which were 
changed at periodic intervals. The alkali concentration in the test specimen was determined by titration with 
phenolphthalein, The results of the experiments on ionic exchange in alkaline medium are plotted in Figs. 1 
and 2, Along the ordinate in these figures is plotted the value a+ the amount of H+ in milligram equivalents 
exchanged by 100 g of the catalyst with a given volume of the solution, while along the abscissa is plotted the 
volume of solution passed through the catalyst layer at a definite rate, 


TABLE 1 As can be seen from Fig. 1, the ordinary saturation 
curve is obtained for ionic exchange under dynamic 
The Rate of Ionic Exchange (With Respect to the conditions. The initial portion of this curve is well approx- 
Concentration) as a Function of the Heat Treat- imated by two straight lines, The slope tangents of the 
ment of the Catalyst Analyzing 14% Al,O, and straight line sections characterize the velocity of the 
86% SiO, fonic exchange, The magnitude of the slope tangent of 
the second section (V) depends on the flow rate and is 
[ignition [Ignition proportional to the concentration of the solution. The 
tempera- |time sian velocity of the ionic exchange also depends on the degree 
8 neem of previous heat treatment of the catalyst. The ignition 
- was run in a stream of dry air, Since the rate of process V 
ioe 10 is proportional to the concentration of the solution, 
50) 8 in Table 1 the function V/C was used, which is independent 


500 16 of the concentration, 
750 16 
1100 4 
1300 


Expt. 
Nos. 


On the basis of the experiments made by us to study 
the kinetics involved in the transformation of hydrocarbons 
on aluminosilicate catalysts and the data given in Table 2 


| 


ment for not less than 16 hours at 500-700°C. 


the acidity drops to nearly zero, 


200 «1000 mM 


NaoQH 


Fig. 1, Kinetics of the ionic exchange 
under dynamic conditions on unignited 
industrial catalyst. Cyyaop = 9.007 N, 
Vn = 0.2 ml/min, 


For the unignited catalyst the kinetics 
curves at times do not start from zero, As 
was shown by additional studies, this was due 
to adsorption of ammonia by the catalyst. 
This, and also the variable moisture, explain 
some of the differences in the velocity of the 
ionic exchange under similar conditions. If 
the catalysts had been previously ignited, 
then a good reproducibility of the results was 
steadily observed, Curve III in Fig. 2 des- 
cribes the results of three experiments, run 
under similar conditions with a catalyst that 
had been ignited at 500° for 16 hours, As 
can be seen from the graph, all of the points 
of the three experiments lie well on one - 


solutions. 


it can be concluded that to obtain a catalyst with a constant activity it is necessary to subject it to heat treat- 


The kinetics curves showing the ionic exchange of aluminosilicate catalysts, deactivated by ignition at 
1100 and 1300°, are characterized by linear initial portions of the curve without a break. A 10% reduction in 
the volume (shrinkage) of the catalyst is observed when it is ignited at temperatures up to 1100°, but here the 
catalyst still retains considerable acidity. The shrinkage reaches 60% when the ignition is up to 1300°, while 


curve, The experiments with the powdered catalyst are described by a continuous curve without a break in the 
initial portion, in which connection the velocity of the exchange shows a 20-fold increase (Fig. 2, IV). 


The most probable reason for a break in the kinetics curves is a difference in the availability of the 
surface and interior (found inside the pores and between the pockets) exchange-capable catalyst centers, In this 
case the break is explained by a completion of neutralizing the surface centers, The amount of the latter can 
be determined graphically. If the surface and interior ionic exchange processes are consecutive in nature, then 
the amount of surface acidic centers is determined by the ordinate of the break a9; if the processes are of a 
parallel nature, then this value is determined by the point of intersection of the continuation of the second sec- 
. The values of ordinates ay and a‘ are given in Table 2, 
The study was made with NaOH solution and only in individual cases, indicated in Table 2, with LIOH and KOH 


tion of the kinetics straight line with the ordinate a‘ 


g —t 4 4 L 
20 40 60 60 ml 


Fig. 2. Ionic exchange under dynamic conditions: 1) 
unignited industrial catalyst; Cygp; = 9.010 N, vy = 

= 2,8 ml/min.; IL) unignited catalyst with composition 
37% AlgO, and 63% SiOg; Cygoy = 9-055 N, Vp = 3.6 
m1/min.; II) industrial catalyst, ignited at 500° for 

16 hours; Cyaoy = 9-010 N, vy = 3.5; 3.1; 2.9 
/min.; IV) powdered industrial catalyst, ignited at 
500° for 16 hours; Cyaozy = 9-010 N, v,, = 2.96 ml/min, 
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At sufficiently small alkali concentrations (up to 0.015N) the base is almost completely neutralized by 
the surface hydrogen fons, In this case the consecutive process for the neutralization of the surface and interior 
hydrogen ions is observed, and consequently the value ay determines the number of surface hydrogen ions. An 
increase in the alkali concentration proves sufficient to effect simultaneous neutralization of both the surface 


TABLE 2 


Magnitude of the Values a) and a) . Layer One 


Tablet Thick. Catalyst Analyzing 14% Al,O, 
and 86%, SiO, 


Normality rate, 
of starting 
alkali 


Corig 


Unignited catalyst 


2.4 
4.0 


2.5(LiOH) 

2 8(KOH) 
2.5 
2.7 
3.0 

0.015 | 2.5(LiOH) 


o 


wo OCS 


Average 


0.055 3.4 30 
4.8 20 


3.6* 17.6* 


Layer thickness 4 cm 


0.007 3.5 8,5 2.0 
0.011 0.5 8.0 | 2.8 


Average 8.2 
0.098 1.8 46 20 


Layer one tablet thick. 
Catalyst ignited at 550-750° 


0.010 


¢ The experiment was run with the catalyst 
analyzing 37% Al,O, and 63% SiOz. 


and interior ions. In this case the number of surface 
fons is determined by the value a}. From Table 2 it 
can be seen that for the unignited industrial catalyst the 
amount of hydrogen ions on the surface of the catalyst 

is approximately equal to 7 mequiv. per 100 g of 
catalyst, and for the ignited catalysts it is equal to 3 
mequiv. per 100 g of catalyst. For the unignited catalyst 
with composition 37% Al,Os and 63% SiO, a) = 12, which 
is natural, since it is known that the catalyst analyzing 
30% Al,O, and 70% SiO, shows a maximum acidity. It 
has the greatest number of exchange centers in general 
and surface centers in particular, 


A visible increase in the values ay and a) is 
observed for an alkali concentration of about 0.1 N. This 
can be explained by the fact that at such concentrations 
a part of the alkali is consumed in dissolving the catalyst 
[10]. Studies made with LiOH, NaOH and KOH solutions 
revealed that the nature of the alkali ion does not affect 
the value of a) . 


On the basis of the obtained data it is obvious that 
the slowest stage of the whole process is the diffusion 
into the depths of the pores, At the break point, after 
completing the process of surface neutralization, the ex- 
change rate is determined only by the diffusion into the 
depth of the pores, As a result, the reason for not obtain- 
ing smooth curves, but instead curves with a break, is the 
sharp change in the rate of the process, This theory as the 
reason for the break is supported by the data obtained for 
the ionic exchange of an aluminosilicate catalyst under 
dynamic conditions in a solution of neutral salts, In this 
case the break on the kinetics curve is absent, for the 
reason that here the ionic exchange process proceeds at 
a rate that is 10° times slower than in alkali solution. 
The absence of a break on the kinetics curve for the 
ionic exchange of an aluminosilicate catalyst that had 
been ignited at 1100 and at 1300° can be explained in 
this manner. At 900-1000° the aluminosilicate suffers 
decomposition into y-Al,0, and mullite [11], which are 
weaker acidic agents than the aluminosilicic acids. Here 
the rate of the neutralization process is quite small, and 
a break is not observed. The absence of a break point 
on the kinetics curves in the neutralization of the ground 
catalyst with alkali solution (Fig. 2, IV) is another indi- 
cation of the validity of the above discussed ionic ex- 
change mechanism, The latter does not permit explain- 
ing a break in the kinetics curves on the premise that 
acids of different strength are present. 


The studies of Danforth [12] show that the catalytic activity as a function of the degree of catalyst poison- 
ing by alkali solutions is decribed by a broken line with two breaks. The author pays attention only to the second 
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break. At the same time, in all cases still another break is observed on the curve at the point where the catalyst 
absorbed 2 mequiv. per 100 g of catalyst. This is in good agreement with the results obtained by us for catalysts 
that had been subjected to heat treatment. 


As a result, it is possible to arrive at the following conclusion: the concentration of the external active 
centers on an aluminosilicate catalyst can be easily and quickly determined by the method of neutralizing it 
with alkali solution. It should be indicated that this method cannot be general for all acidic and oxide catalysts, 
and is suitable only in the cases where the ionic exchange rates on the surface and in the interior of the pores 
are strongly different. 


The M. V. Lomonosov Received January 9, 1957 
State University (Moscow) 
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THE INFLUENCE OF THE CONCENTRATION OF THE ELECTROLYTE 
(COPPER SULFATE) SOLUTION ON THE EXCHANGE SORPTION OF 
FATTY ACID CRYSTALS 


A. A. Trapeznikov 
(Presented by Academician P. A. Rebinder, January 26, 1957) 


It was shown [1] that crystals of fatty acids are capable of sorbing cations from aqueous solutions of salts, 
with conversion into the corresponding metallic soaps. The rate of the exchange reaction depends to a strong 
degree on the temperature, which in part is associated with the polymorphous transformations of the acid crystals 
and the influence of hydration on them. It was established that especially intense penetration of metal cations 
into the lattice occurs at temperatures lying close to the melting point of the acid, 


In this paper we studied the liberation of hydrogen fons by crystals of lauric, myristic, palmitic and stearic 
acids in aqueous CuSO, solutions of variable concentration, which was estimated by the change in pH using a 
glass electrode and an LP-3 lamp potentiometer, The CuSO, solutions with contained acid crystals were kept in 
closed vessels at room temperature (t ms 20°). To accelerate the process the crystals of the acids (Kahlbaum) 
were ground in a mortar. The concentration of the CuSQ, solutions was varied from 0.0004 to 0.5 N; here the 
natural values of the pH, arising as the result of hydrolysis, lay in the range 6.0-3.8. 


The curves for G’ — the amount of liberated H+ ions, calculated in equivalents on the total weight of taken 
acid, as a function of the original pH values of the solutions (Table 1) for the Cig, Cy and Cy acids at different 
periods of time, up to 200 days, are shown in Fig. 1. The curves for all of the acids pass through a maximum, 
lying at pH = 4.75, and corresponding to C = 0.05 N and a 10-fold amount of salt with respect to the taken weight 
of acid. For the three indicated acids the position of the maximum is practically independent of the chain length 
of the homologous acid and is determined by the nature of the electrolyte (AgNO3, Th(NOs), Ce(NOs)s). 


The height of the curve, i. e. the intensity of H* ion liberation is increased when the chain length of the 
homologous acid is made shorter. This is explained by the fact that transition to a lower homolog is equivalent 
to raising the temperature for the higher homolog, which is in accord with earlier data [1]. 


Of especial interest are the reasons for the appearance of a maximum on the curve expressing the relation- 
ship between H* ion liberation and the concentation C of the solution. With increase in Ccuso, the reaction, 
proceeding by the -heme 


2RCOOH CuSO, = (RCOO), Cu + HSO,, 


should be shifted to the right, although excess accumulations of H* ions as the result of hydrolytic decompost- 
tion of the CuSO, in concentrated solutions and as the result of exchange sorptions could hinder the exchange. 


Consequently, the first hypothesis reduces to the premise that in more concentrated solutions the reaction 
is reterded due to the reverse reaction of decomposition of the formed copper soap. However, this is refuted by 
the fact that the absolute values of the pH, obtained as the result of exchange sorption in solutions of medium 
concentration, are lower than those obtained in solutions of higher concentration (Table 1)*. Consequently, it 
is necessary to explain the anomaly of the exchange-sorption liberation of H* ions in a different manner. 


* The LP-3 potentiometer is labeled to give an accuracy of +0.1 pH. Here the values are expressed in hundredths 
of a pH. They cannot be considered accurate in all cases; however, in many series of experiments with stable 
operation of the potentiometer they, apparently, correctly reflect the course of the pH change with concentation. 
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Fig. 1. G' asa function of the pH for crystals of palmitic (a), myristic (b) and lauric (c) 
acids in CuSO, solutions. 


TABLE 1 


Values of the pH in the Original CuSO, Solutions and in the Same Solutions After Adding 
a Known Weight of Fatty Acid Crystals 


Lauric acid, weight Palmitic acid, weight 
m = 0.025 § m= 0.032 g 
orig. 2 days 15days sodays 1ssdays orig. 2 days sdays days 202 days 


me 0.5 3.90 3.03 3.02 3.00 2.86 3.94 3.93 3.85 3.53 3.3 
"7 0.2 4,22 3.04 3.02 2.95 2.75 4,27 4.10 3.30 3.41 3.3 
7 0.1 4.47 3.02 2.95 2.87 2.78 4.53 4.06 3.68 3.43 3.32 

0.05 4.68 3.20 2.93 2.90 2.70 4.75 4.10 3.78 3.45 3.36 

0.02 5.00 3.32 2.95 2.87 2.70 5.01 3.98 3.70 3.45 3.30 
- 0.01 5.13 3.43 3.01 2.96 2.83 5.20 4.02 3.98 3.55 3.38 
= 0.005 5.32 3.50 3.15 3,05 2.97 5.39 4.12 4.08 3.70 3.52 
7 0 002 5.59 3.68 3.29 3.40 3.20 5.65 4,22 4.19 4.02 3.76 
; 0.001 §.72 3.92 3.47 3.53 3.42 5,82 4.31 4.28 4.19 3.89 
1 00004 «85.88 = 4.04 3.70 3.72 3,65 6.00 4.69 4.52 4.47 4.09 
s 0.0002 6.00 4.65 4.59 4.62 3.89 


When the exchange sorption on palmitic acid in AgNOy solutions was studied by the conductometric method 
we found that the conductivity of the AgNOg solution is lowered at first, passes throught a minimum, and then 
rises, exceeding the original value (Fig. 2), This indicates that at first the total concentration of the electrolyte 
diminishes, evidently due to the molecular sorption of AgNOg, and only after this, when as the result of exchange 
the amount of H* ions becomes sufficiently great, does the conductivity attain higher values, From this it follows 
that when discussing the processes for exchange sorption on fatty acid crystals it is necessary to consider molecular 
sorption, This also followed from our earlier data with Th(NOg),. 


Molecular sorption should increase with increase in electrolyte concentration, for which reason a reduction 
in the rate of H* fon liberation with increase in the CuSO, concentration may be associated with the influence of 
molecular sorption, It should be mentioned that retardation of the reaction at higher Coyso , Values cannot be 


blamed on a reduction in the activity of the solution. Apparently, the kinetics of the process, depending on the 
arising of some sort of potential barriers, plays the chief role here. 
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Retardation of the process for the liberation of H* 
fons is more weakly expressed for the shorter homologous 
acids, and consequently an increase in the activity of the 
acid and of the mobility of its molecules in the crystal, 
i, e, an increase in the “porosity" of the lattice, corre- 
sponding to elevation of the temperature for the higher 
homologous acids, reduces the hindering action of the 
barriers. This hypothesis is supported by some additional 
experiments, made with increased amounts of acid 
(stearic) in solutions of higher concentration than that 
corresponding to the maximum on the curve A[H*] = 
=f (C). 


Fig. 2. In the experiments, relating to the curves shown 
in Fig. 1, we took small weights of acid, corresponding 

to 0.000125 g.-equiv. When the weight of acid was increased the rate of H* ion liberation, and together with 
it the shape of the curve A[H*) =f (C), changed sharply and the anomalous curve with a maximum was converted 
into the normal curve of constant increase in A{H*] with C. Here the pH dropped to values that were much lower 
than the lowest values obtained with the small 
weights (Table 2), This can be seen from TABLE 2 
the pH for Crystals of Stearic Acid in CuSO, 
lower concentration than for the Cy, Cy, and 
Ci acids), 


Weight of C=0.002N 
An increase in the weight of acid means stearic 


that a smaller amount of adsorbed substance is after 
available per unit of sorbent surface, and con- ‘ . prig 116 hrs. 
sequently the hindering process, i, e. the spe- 
cific influence of the passivator is reduced, 
Due to the large surface area of the sorbent 
the reaction succeeds for a short time in pro- 
gressing only in the surface layers, without 
penetrating into the interior of the crystal. 
Consequently, the “barricading" action of the 
adsorbed anions is hardly exerted. ¢ The time shown here relates to obtaining some prac- 
tical limit in the pH changes, 


Penetration of the electrolyte into the 
lattice of the acid begins, apparently, at the 
more damaged portions of the crystals, at their corners and edges, where the packing of the acid molecules 1s 
more imperfect and the polar groups are more available to the electrolyte molecules. Apparently, hydration of 
the polar groups of the acid molecules and adsorption of the electrolyte on them weaken the reactivity between 
oppositely directed acid molecules in the crystal. This is especially facilitated by either elevation of the tem- 
perature or shortening of the homolog chain. The exchange process consists of a number stages: hydration of the 
polar groups of the acid molecules, weakening or rupture of the bonds between oppositely placed acid molecules 
and dissociation of the carboxyl group with H* {on liberation, replacement of the latter by a metal cation and 
formation of a molecule of metallic soap, and the creation of a seed crystal of the soap and its growth. In this 


connection the ratio of the lattice parameters of the acid and soap, and also the radius of the cation, probably 
bear great importance, 


Molecular sorption can proceed on undissociated molecules and is more intense at low temperatures, 
When crystals undergo polymorphous transformations it is probable that the acid molecules in them can change 
from “dimers” to "monomers" in a short time. At the moment of rupture or weakening of the hydrogen or dipole 
bond between two acid molecules they acquire a great tendency to dissociate and exchange, Consequently, poly- 
morphic transformation accelerates exchange reactions (besides simple increase in the internal surface of the 
crystal due to its reconstruction), 
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Fig. 8. Dependence of A{H*) on C (a) and on m(b) for crystals of 
stearic acid in CuSO, solutions 


A transition in the sorption from exchange to molecular when the electrolyte concentration was increased 
was observed for the case of gelatin [2], however, here it was not indicated that molecular sorption can hinder 
exchange sorption. 


The author wishes to thank L. K. Serebryanikoya and V. V. Constantinoya for making the measurements. 
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